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The hydrological dynamics of the Amazon River basin are explored by studying the coupled
water and energy balances within the Budyko Framework, using data of precipitation, runoff,
actual and potential evapotranspiration in up to 146 sub-catchments. These are examined
from the perspective of comparative hydrology, that its, regional patterns of hydrological
quantities are used to design classification systems that consider the similarities between the
catchments, revealing information about their co-evolution in terms of the underlying cli-
matic, geological, ecological and landscape characteristics. An effort has been made towards
diagnosing, understanding and modeling the hydrological variables at the sub-catchment
scale, as well as predicting their fluctuations at the annual, interannual, the long-term time
scale and the symmetry between them. For this reason, this dissertation has contributed to
update and strengthen evidences of natural climate variability, as well as possible signs of
climate change in Amazonia.
Keywords: Amazon River basin, Budyko Framework, climate change, climate vari-
ability, regional patterns, space-time symmetry
Resumen
Se explora la dinámica hidrológica de la cuenca del ŕıo Amazonas mediante el estudio de
los balances acoplados de agua y enerǵıa en el marco de la hipótesis de Budyko, usando
datos de precipitación, escorrent́ıa, evapotranspiración real y potencial en hasta 146 sub-
cuencas. Éstas son estudiadas desde el punto de vista de la hidroloǵıa comparativa, en la
que se usan los patrones regionales de las variables hidrológicas para diseñar sistemas de
clasificación que tengan en cuenta las similitudes entre las cuencas, revelando información
acerca de su co-evolución en términos de las caracteŕısticas climáticas, geológicas, ecológicas
y del paisaje. Con este trabajo se ha tratado de avanzar en el diagnóstico, la comprensión
y el modelamiento de las variables hidrológicas en las sub-cuencas, aśı como la predicción
de sus fluctuaciones en las escalas de tiempo anual, interanual, el largo plazo y la simetŕıa
entre éstas. Por esta razón, esta tesis ha contribuido a actualizar y fortalecer las evidencias
de la variabilidad natural del clima, aśı como en la detección de posibles señales de cambio
climático en la Amazońıa.
Palabras clave: Cuenca del ŕıo Amazonas, marco de Budyko, cambio climático, vari-
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1 Introduction
Climate change refers to changes in the composition of the atmosphere and the hydrological
cycle, caused both by natural climate variability and external forcings, including modula-
tions of the solar cycle and volcanic eruptions, along with human activities such as emission
of greenhouse gases, changes in land use and deforestation, that persist for extended periods
of time, usually decades or longer (Pachauri et al., 2014). Among the worldwide observations
and predictions recorded in the Fourth and Fifth Assessment Reports of the Intergovernmen-
tal Panel on Climate Change (IPCC), are the alterations in the frequency and magnitude of
extreme hydrometeorological events. These include droughts that affect water supply and
lead to increases in vector-borne diseases, and severe storms that cause floods, landslides
and avalanches (Pachauri et al., 2014; Solomon et al., 2007). The type and magnitude of the
impacts of climate extremes are expected to vary from region to region since they depend
not only on the extremes themselves but also on exposure and vulnerability (Pachauri et al.,
2014). This vulnerability is influenced by factors like anthropogenic changes, socioeconomic
development and natural macroclimatic variability at interannual and interdecadal scales,
mainly modulated by phenomena like El Niño-Southern Oscillation (ENSO), the Pacific
Decadal Oscillation (PDO), the North Atlantic Oscillation (NAO) and the Atlantic Multi-
decadal Oscillation (AMO), among others. Thus, the development of hydrological studies in
the context of climate change imposes challenges to traditional hydrology, mostly because
the assumptions of stationarity and independence of hydroclimatic variables are no longer
valid (Sveinsson et al., 2003; Poveda & Álvarez, 2012)
On a regional scale, climate change is expected to impact Tropical South America. Several
studies have reported signs of climate change in Colombia and the Amazon River Basin.
These studies confirm the existence of statistically significant increasing trends in records of
temperatures, specifically, increasing trends in mean and minimum air temperature records
(Mesa et al., 1997; Ochoa & Poveda, 2008; Marengo et al., 2009; Carmona & Poveda, 2014)
contributing to glacier retreat, which has reached critical conditions in the Andes (Ceballos
et al., 2006; Poveda & Pineda, 2009; Rabatel et al., 2013). In particular, in Amazonia, Vic-
toria et al. (1998) reported an increasing trend in air temperature of 0.56◦C/100yr which was
later on updated to 0.85◦C/100yr by Marengo et al. (2009). On the other hand, precipitation
has shown mixed evidences of climate change, with positive and negative trends throughout
the Amazon River basin (Marengo, 2004; Carmona & Poveda, 2011). However, the trend
magnitudes found in observational studies in Amazonia have proven to be dependent on the
data sets, length of records, among other factors (Marengo et al., 2009).
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Besides the common climatic drivers of climate change that control water resources (i.e,
precipitation, evapotranspiration and temperatures), other non-climatic variables have also
been considered to explore the impacts of climate change. These include demographic, so-
cioeconomic and technological changes (Pachauri et al., 2014). Data from remote sensing
shows that large areas in Amazonia have been changed from forest to pasture and agricultural
land, and observed deforestation has been increasing due to a change in human economic
activities (Marengo et al., 2009). Therefore, by assessing the link between deforestation and
regional climate, several studies have reported that deforestation changes rainfall occurrence
patterns and that there is a long-term shift in the seasonality of precipitation that corre-
lates with deforestation. Almost all models show a significant reduction in precipitation and
evapotranspiration and most of them have found decreases in streamflows and increases in
air temperatures (Marengo et al., 2009). Future impacts include the extinction of species,
replacement of tropical forest by savannas and semi-arid and arid vegetation and increases
in the number of people experiencing water stress (Pachauri et al., 2014).
Nevertheless, the effects of climate change and land use change (or direct human-induced
change) on the hydrological dynamics are difficult to disentangle, and thus the importance
of understanding natural climate variability in a region. In the Amazon River basin, for
example, one of the main climatic characteristics is tropical convection, modulated by the
annual cycle of solar radiation and large scale atmospheric features, including the Intertrop-
ical Convergence Zone (ITCZ), the Walker circulation cell and atmospheric waves such as
the Madden-Julian Oscillation (Nobre et al., 2009). Also, land surface-atmosphere feedbacks
play an important role, since regional patterns of rainfall depend on the water and energy
surface budgets which in turn drive the recycling of precipitation (Eltahir & Bras, 1994;
Zemp et al., 2014). At the interannual timescale, much of Amazonia’s temporal variability
is related to fluctuations in surface temperatures (SST) in the Atlantic and Pacific Oceans
(Nobre et al., 2009; Yoon & Zeng, 2010). Specifically, much of the hydroclimatic variabil-
ity is strongly related to ENSO (Poveda & Mesa, 1997; Marengo & Nobre, 2001; Poveda
& Salazar, 2004; Poveda et al., 2006) and the South West Atlantic SST anomalies, which
influence the variability of the South Atlantic Convergence Zone (SACZ). At decadal and
interdecadal time scales, rainfall variability in the Amazon River basin has been found to be
linked to the PDO and NAO (Nobre et al., 2009). Finally, at longer time scales such as the
paleoclimatic, there is still uncertainty on the main modulators of climate variability over
tropical South America (Nobre et al., 2009).
In spite of all the studies that have been carried out so far, there are still research gaps, usu-
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ally linked to the restrictions in available data, which is often limited in developing countries
(Pachauri et al., 2014). Among these gaps are the study of the feedbacks between changes
in vegetation driven by climatic changes and its impact on the partitioning of precipitation
into evapotranspiration and runoff and the discrepancy between climatic models at large
scales and at the catchment scales. Also, the IPCC motivates the need to come up with
new ways of combining different approaches to estimate possible changes in relevant climatic
variables. Therefore, it is necessary to diagnose, understand, model and predict the effects
of climate change and climate variability on the occurrence and dynamics of hydrometeoro-
logical events and to update and strengthen the evidence of climate change and the degree of
association between the global macroclimatic phenomena and hydrology. For these reasons,
the main objective of the present dissertation is to contribute to the understanding of the
hydrological dynamics of Amazonia in the context of climate variability and climate change,
both at the catchment and sub-catchment scales. Specifically, we aim to do so by adjusting
the framework proposed by Budyko (1974) on the coupled water and energy balances to
include the interdependence between precipitation, actual evapotranspiration and potential
evapotranspiration.
This work is structured as follows: each chapter corresponds to either an already published
article or an article which can be potentially submitted to a journal. In particular, the first
chapter Regional patterns of interannual variability of catchment water balances across the
continental U.S.: A Budyko framework contains the research work developed as a visiting
scholar at the University of Illinois at Urbana Champaign. These results helped to set up
a framework which was later on applied to our study area, the Amazon River Basin. The
second chapter Exploring the water balance variability in the Amazon River Basin examines
the variability of the water balance from the perspective of hydrologic regime curves, the clo-
sure of the water balance and the dynamics of soil moisture storage in Amazonia. The third
chapter A scaling approach to Budyko’s Framework and the complementary relationship of
evapotranspiration in humid environents: case study of the Amazon River basin introduces a
new way of studying the coupled water and energy balances in humid environments by means
of a physically consistent power law. The fourth chapter Assessing climate variability and
climate change on evapotranspiration and runoff within Budyko’s framework in Amazonia
presents how our scaling approach works to predict possible changes in the long-term and
the interannual variability of those two hydrologic variables. Finally general conclusions,
recommendations and potential future work are presented in the last chapter.
2 Regional patterns of interannual
variability of catchment water balances
across the continental U.S.: A Budyko
framework
Alejandra M. Carmona, Murugesu Sivapalan, Mary A. Yaeger, and Germán
Poveda
Published in Water Resources Research, December 5th, 2014
Abstract: Patterns of interannual variability of the annual water balance are explored
using data from 190 MOPEX catchments across the continental United States. This anal-
ysis has led to the derivation of a quantitative, dimensionless, Budyko-type framework to
characterize the observed interannual variability of annual water balances. The resulting
model is expressed in terms of a humidity index that measures the competition between
water and energy availability at the annual time scale, and a similarity parameter (α) that
captures the net effects of other short-term climate features and local landscape character-
istics. This application of the model to the 190 study catchments revealed the existence of
space-time symmetry between spatial (between-catchment) variability and general trends in
the temporal (between-year) variability of the annual water balances. The MOPEX study
catchments were classified into eight similar catchment groups on the basis of magnitudes of
the similarity parameter α. Interesting regional trends of α across the continental U.S. were
brought out through identification of similarities between the spatial positions of the catch-
ment groups with the mapping of distinctive ecoregions that implicitly take into account
common climatic and vegetation characteristics. In this context, this study has introduced
a deep sense of similarity that is evident in observed space-time variability of water balances
that also reflect the co-dependence and co-evolution of climate and landscape properties.
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2.1 Introduction
This paper is concerned with the study of possible climatic and landscape controls on the
interannual variability of annual water balances. The patterns of variability of water bal-
ance partitioning manifested at the annual timescale (e.g., mean and interannual variability)
are the net up-scaled result of catchment responses to myriad individual precipitation (and
snowmelt) events. There are two parts to the land-atmosphere interactions associated with
these events: one is the wetting phase, dominated by runoff generation processes, and the
other is the drying phase, when evapotranspiration is the dominant process. Both mean an-
nual water balance and interannual variability are the result of the balance reached between
these two competing processes, and governed, to first order, by the relative availability of
water (precipitation) and energy (potential evapotranspiration), and modulated by physi-
cal (e.g., surface and subsurface runoff) and biological (e.g., transpiration) processes. The
Budyko framework, a quantitative framework based on this water vs. energy competition,
has been successfully used to predict the long-term or mean annual water balance as a func-
tion of climate for a wide range of ecological and hydro-climatic conditions (Budyko, 1974;
Pike, 1964).
Water balance variability at the annual scale is not only impacted by differences in annual
precipitation and potential evapotranspiration, but by other factors relating to both climate
and landscape properties. A climatic feature that contributes significantly to the interannual
variability of the water balance is the variability of the timing of precipitation within the
year relative to potential evapotranspiration (Milly, 1994; Montanari et al., 2006), noting
that potential evapotranspiration is used here as the surrogate for energy availability. Dif-
ferences in the timing of precipitation and potential evapotranspiration, on average, have
been shown to adversely impact mean annual water balances predicted by the Budyko the-
ory (Wolock & McCabe, 1999; Potter et al., 2005). Likewise, randomness in the timing
difference between precipitation and potential evapotranspiration is also bound to impact
the interannual variability of the annual water balance. Indeed, within-year variability of
the water balance at a range of time scales can significantly impact the annual variability
as well. For example, the statistics of rainfall inter-arrival times, modified by runoff gen-
eration processes and vegetation uptake, have been shown to impact both the mean and
variance of annual runoff (Porporato et al., 2004; Zanardo et al., 2012). Furthermore, it
is through climate-landscape interactions at timescales smaller than the annual that land-
scape factors such as soils, vegetation, and topography, as well as local climate variability
are able to impact both the mean and the interannual variability of the annual water balance.
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Analyses of the effects of within-year climate variability on the annual water balance of a
catchment have to be put in the context of the co-evolution of climate, soils and vegeta-
tion within that catchment (Blöschl et al., 2013; Perdigão & Blöschl, 2014). The history
of land-atmosphere interactions is reflected in the physiology and phenology of vegetation
types, soil orders, and topographic features that take shape through co-evolution, on time
scales ranging from years to millennia (Robinson et al., 2012; Berghuijs et al., 2014). It has
been shown that landscapes and vegetation adapt over time to the nature of climate forcing
and develop functional features unique to each particular region (Dooge, 1992; Stephenson,
1990; Donohue et al., 2007). This was illustrated by Jothityangkoon & Sivapalan (2009), who
showed that the interannual variability of annual runoff that emerged in different regions of
Australia and New Zealand reflected the dominant intra-annual climate variability in each
region, e.g., seasonality in Western Australia and storminess in Queensland. L’vovich (1979)
introduced a “functional” approach to the empirical study of the interannual variability of
annual water balance partitioning. In order to capture the net effects of climate-landscape
interactions at the short (event) and long (seasonality) timescales, L’vovich (1979) proposed
a two-stage partitioning of the annual water balance: (i) partitioning of precipitation into
fast runoff and soil wetting, and (ii) the subsequent partitioning of soil wetting into slow
runoff and evapotranspiration. Empirical analysis of thousands of catchments around the
world based on this two-stage conceptual framework brought out broad regional patterns
aligned to physiographic provinces or ecoregions. Subsequently, Ponce & Shetty (1995a,b)
developed specific (empirical) functional forms for the 2-stage water balance relationships
introduced by L’vovich (1979). This enabled functional parameter values to be established
for the physiographic provinces or ecoregions of the world. Sivapalan et al. (2011) repeated
the analysis of Ponce & Shetty (1995a,b) and explored the regional (between-catchment)
and interannual (mean between-year) variability of annual water balances in over 400 se-
lected catchments located across the continental United States. While the work of Sivapalan
et al. (2011) revealed interesting regional patterns and also what they termed space-time
symmetry between the spatial (between-catchment) variability and general trends of tem-
poral (interannual) variability in annual water balances, these relationships could not be
attributed to climate and landscape factors because of the empirical nature of the Ponce
& Shetty (1995a,b) functional forms. Space-time symmetry, in this context, was adopted
to define a phenomenon whereby a model used to characterize between-catchment variabil-
ity of the mean annual water balances matched the corresponding patterns of interannual
variability of individual catchments. The advantage of space-time symmetry, if it exists, is
that it lends support to “space-for-time substitution” methods of prediction (Singh et al.,
2011), whereby one can use observations across different places to predict future changes in
the time domain (i.e. climate change) at individual places. Besides the work of Sivapalan
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et al. (2011), other studies have also exploited this space-time symmetry for quantifying
the interannual variability of the annual water balance, some of them based on the Budyko
framework (Budyko, 1974; Harman et al., 2011; Troch et al., 2013).
Although the Budyko framework was only meant to explain spatial patterns of mean annual
water balance, there is precedent for its use to study interannual variability in individual
catchments. By extending the Budyko framework through a priori assumption of space-
time symmetry, Koster & Suarez (1999) derived an equation for the interannual variability
of the annual water balance, and validated it against predictions from a 20-yr simulation
with a General Circulation Model (GCM). Sankarasubramanian & Vogel (2002) repeated the
analysis of Koster & Suarez (1999) using rainfall-runoff data from 1337 catchments across
the continental United States. In this case, the predictions of interannual variability were
improved with the introduction of a parameter representing soil moisture storage capacity,
in addition to the aridity index, defined as the ratio of potential evapotranspiration to pre-
cipitation.Yang et al. (2007) used long-term series in 108 non-humid catchments in China
to study the spatial and temporal variability of annual water-energy balances. Their results
confirmed that the equation proposed by Fu (1981), derived from the Budyko hypothesis,
can be used to predict both long-term water balances and shorter-term annual water bal-
ances of individual catchments in their study region.Wang et al. (2009) also used the Budyko
framework and found evidence that suggested that soil texture differences modify the impact
of climate on the mean annual water balance and interannual variability. Potter & Zhang
(2009) studied the interannual variability of the annual water balance within the framework
of the water vs. energy competition, but without any a priori assumption of space-time
symmetry. Based on analysis of a dataset of unimpaired catchments across Australia, they
derived Budyko-type relationships for the interannual variability of the annual water bal-
ance, and showed that the type of rainfall seasonality plays an important role in governing
the shapes of these relationships. Similar to Potter & Zhang (2009), Cheng et al. (2011)
performed analyses of interannual variability within the Budyko framework, using actual
evapotranspiration data obtained from satellite remote sensing. Their results showed that
the interannual variability of the water balances in 547 catchments across the U.S can be
captured by a linear relationship that is justified statistically and physically by factors such
as soil water storage, susceptibility and response of vegetation to climate variability, and
human interferences. Chen et al. (2013) developed an extension of the Budyko formulation
to explicitly incorporate the effects of seasonality and storage carry-over on the interannual
variability of the annual water balance. Their model revealed that vegetation affects the
seasonal water balance by controlling both evapotranspiration and soil moisture dynamics.
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The cumulative results of these studies clearly indicate that valuable knowledge can be gained
from the use of the Budyko framework to study between-year variability in the annual water
balance, and the present study continues in the same vein. Nevertheless, as pointed out
by Harman & Troch (2013), methods for studying catchments should also continue towards
separating the direct effects of climate variability from what transforms it into regimes of
hydrologic variability. In particular, Harman & Troch (2013) emphasized the importance
of comparative hydrology (Blöschl et al., 2013), which involves the comparative analysis of
the functioning of a population of catchments, including their hydrologic behavior, and their
interpretation in terms of the underlying climatic, geological, ecological and land-use char-
acteristics. This comparison between catchments should be built on a classification system
that takes into account not only the similarities between the catchments but also looks for
patterns across places which will potentially reveal information about their co-evolution.
The aim of this paper is to work towards a unified, quantitative, and general framework
based on the competition between water and energy availability that can reproduce the ob-
served space-time variability of the annual water balances and possible symmetry between
the spatial (between-catchment) and temporal (between-years) variability. Through these
analyses, it is hoped to identify the relative roles of climatic and landscape factors governing
interannual variability, confirm the presence of space-time symmetry, and delineate classes
of behavior attributable to catchment biogeophysical characteristics.
This work is organized as follows: in Section 2 we describe the information sources used
in this study, namely the MOPEX dataset. Next we present our methods, including the
typical way the interannual variability of the water balance is presented and an alternative
way to study this interannual variability by means of a one parameter dimensionless form of
the water balance equation. Section 3 presents and discusses the results that are obtained
from applying our dimensionless form of the water balance equation to 190 catchments from
the MOPEX dataset, an exploration of space-time symmetry between the long term water
balance variability and the interannual variability of the water balance, and a classifica-
tion, based on the parameter α of catchments across the continental U.S. Finally, Section 4
presents a summary of our work and the conclusions reached, along with the implications of
these results and recommendations for potential future work.
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2.2 Methods and Data
2.2.1 Interannual variability of the water balance
This is a data-based study aimed at analyzing regional patterns of interannual variability
of catchment water balances across the continental United States. For this purpose we use
the MOPEX dataset (Duan et al., 2006), previously used and described by Sivapalan et al.
(2011), which includes more than 400 catchments across the USA. This dataset contains daily
time series of hydrologic data assembled from several sources: precipitation P processed by
the NWS Hydrology Laboratory, potential evapotranspiration Ep calculated by means of the
Penman (1948) equation, based on the NOAA Evapotranspiration Atlas (Farnsworth et al.,
1982), and streamflow Q obtained from USGS National Water Information System (NWIS)
available at http : //water.usgs.gov/nwis. Analyses of interannual variability presented in
this paper are based on daily measurements (or estimates) of P , Q and Ep aggregated by
hydrological year to the annual scale. However, some of these catchments have different
record lengths, and some years have considerable missing data. Given that we are address-
ing interannual variability, and are thus interested in catchments with the most number of
years of record, we selected the 190 catchments out of the full dataset that have the same
53 years of continuous precipitation, streamflow, and potential evapotranspiration data. Ac-
tual evapotranspiration (E) was estimated using the long-term mean water balance equation,
E = P −Q, which assumes that the carry-over of water storage between years is negligible
compared to the annual fluxes of P , E and Q. This is a common assumption in annual
water balance studies (Milly, 1994; Zhang et al., 2001; Yang et al., 2008; Sivapalan et al.,
2011); however it is clearly not appropriate for smaller time scales since soil water storage
variations at these temporal scales cannot be neglected (Cheng et al., 2011). Nevertheless,
to minimize the errors that can be introduced by this assumption, in this work (as also in
Sivapalan et al. (2011)) the aggregation of the daily values of P and Q to the annual scale
is carried out over the hydrological (rather than the calendar) year, as proposed by the U.S.
Geological Survey.
Figure 2-1 presents the locations of the 190 MOPEX catchments used in this study, which
show a wide geographical spread, although the majority of the catchments are in the eastern
half of the United States. This figure also highlights a subset of nine selected catchments,
which will be used to illustrate more detailed results. These nine catchments are located
in Washington (WA), Colorado (CO), South Dakota (SD), Missouri (MO), Virginia (VA),
New York (NY), California (CA), Texas (TX) and Florida (FL) and represent a wide range
of climates (e.g., aridity, seasonality) and landscape characteristics (e.g., topography, soils,
and vegetation cover).
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Figure 2-1: Location of the 190 MOPEX study catchments (grey dots). Red stars denote a subset
of nine selected catchments that represent wide variations of climate and landscape
characteristics.
The typical way the interannual variability of the water balance is presented graphically is
in the form of Q vs. P relationships based on annual values. However, a complementary
relationship, E vs. P , can also be constructed. Figures 2-2a and 2-2b present examples
of interannual variability, i.e., Q vs. P and E vs. P relationships, for the subset of nine
MOPEX catchments highlighted in Fig. 2-1. Results presented in Fig. 2-2a and 2-2b
show considerable variability, both between catchments and between years. Each catchment
shows significant interannual variability: the same annual P can generate different Q (or E)
values in different years (and vice versa), confirming that factors other than annual P govern
runoff generation.
The relationships between Q and P (or between E and P ) display characteristic non-linear
shapes that are universally observed. In the case of Q vs. P relationships, the slope of the
curve (which can be interpreted as an increase of the annual runoff coefficient) increases
with increasing annual P . Likewise, in the case of the E vs. P relationship, there is a char-
acteristic decrease of slope with increasing annual P . Given the common shapes of these
characteristic relationships, the question is whether it is feasible to derive a general formula-
tion that can reproduce the variability of the annual water balance, not only between years
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but also between catchments. In the next subsection, we introduce a framework for studying
the interannual variability of annual water balances by invoking principles of the water vs.
energy competition that underlie the Budyko framework (Budyko, 1974).
2.2.2 Dimensionless form of the long-term annual water balance
Inspired by the Budyko (1974) framework, we write a dimensionless form of the long-term
annual water balance. Instead of scaling both sides of Eq.2-1 by annual precipitation P , as
is commonly done (Budyko, 1974; Fu, 1981; Zhang et al., 2001; Yang et al., 2008), here we
normalize it using annual potential evapotranspiration Ep, as has also been done before in










From our perspective, there are two reasons for doing this. Firstly, Ep varies much less
between years than P and E, with a coefficient of variation (CV ) for the selected MOPEX
catchments ranging from 0.12% to 0.24% compared to the CV of P and E (which are in
the range of 10% − 50%) and therefore Ep is the natural variable to use for scaling the
interannual variability. Secondly, since Ep is a function of available energy and is mostly
dependent upon solar radiation, temperature and latitude, it is expected to vary less from
year to year than either P or E, thus allowing us to keep the focus on the Q vs. P and E
vs. P relationships (as shown in Fig. 2-2a and 2-2b).
In Eq. 2-1, P/Ep is called the humidity index (the inverse of Budyko’s aridity index) and
E/Ep can be understood as a manifestation of energy partitioning at the annual scale.
Figures 2-2c and 2-2d show the resulting dimensionless interannual water balance curves for
the same nine catchments, illustrating the complementary relationships associated with the
annual water balance, but presented in non-dimensional forms. Compared to the unscaled
results presented in Fig. 2-2a and 2-2b, there appears to be a certain tightening of the
relationship with less scatter, allowing us to infer a possible more general shape of those
curves. Based on these general shapes of the curves, especially those of E/Ep = f(P/Ep),
and inspired by several functional forms proposed for the Budyko curve (Budyko, 1974;
Fu, 1981; Zhang et al., 2001; Yang et al., 2008), we have adapted for use the functional
form proposed by Yang et al. (2008), even though it was originally used to characterize
the relationship E/P = f(Ep/P ). We choose the Yang et al. (2008) formulation due to its
2.2 Methods and Data 13
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Figure 2-2: Interannual variability of annual water balance for the subset of nine selected MOPEX
catchments in terms of the relationship between: (a) P vs. Q, (b) P vs. E, (c) P/Ep
vs. Q/Ep, (d) P/Ep vs. E/Ep.
presumed advantage of having a solid mathematical and physical background, and it having
been shown to be a unique solution to the set of partial differential equations representing
the coupled water and energy balances in a catchment. In the present case, the functional


































where the parameter α corresponds to the parameter n in Yang et al. (2008). Note that
all of the analyses presented were repeated using the Zhang et al. (2001) and Fu (1981)
formulations, and the results (not presented here for reasons of brevity) showed that the
main conclusions of this study remain unchanged, except for the details.
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Building on the idea of space-time symmetry defined in Sivapalan et al. (2011), Eq. 2-2 and
2-3 will be used to represent both the inter-catchment variability and the general trends of in-
terannual variability of normalized annual evapotranspiration (E/Ep) and total flow (Q/Ep)
as a function of a humidity index (P/Ep) and the extra parameter (α). The humidity index
captures the net effects of the competition between water and energy availability (Gupta
et al., 2002) as it relates to annual water balance variability. This competition is understood
in the sense that it reveals the dominance of either the wetting processes (runoff generation)
or the drying processes (evapotranspiration) at the annual scale. In addition, the parameter
α is deemed to capture the effects of all other climatic (e.g., seasonality) and landscape (e.g.,
soil properties and topography) factors that are not included in P/Ep. If tests presented in
this paper turn out to be positive, then Eq. 2-2 and 2-3 may be deemed able to capture a
universal behavior attributable to the relative availability of water and energy at the annual
scale, while the local or regional climatic (including short-term), landscape, and vegetation
effects are manifested through the parameter, α.
Since the existence of space-time symmetry is an important aspect of the tests carried out
in this paper, we introduce the schematic Figure 2-3 to define the concept, adding further
refinement to the definitions presented in Sivapalan et al. (2011). Figure 2-3 shows the
Budyko curve for three hypothetical catchments, in terms of both mean annual water bal-
ance and interannual variability. The dots in the figure symbolize year to year variability
of the annual water balance (where each dot represents one year) whereas the triangles rep-
resent the long-term mean annual water balance (each triangle represents one catchment).
The colors are used to separate the catchments. Essentially, Fig. 2-3 presents two alterna-
tive realizations of interannual variability for catchments whose mean annual water balance
exactly follows the Budyko curve. In the figure on the left, both between-catchment and
between-year variability follow the same Budyko curve, thus signifying (according to our def-
inition) space-time symmetry, whereas the figure on the right, by this definition, does not.
The existence of such space-time symmetry, as defined here, will be systematically explored
later in this paper for the 190 MOPEX study catchments.
In the next section the proposed dimensionless form of the water balance is applied to 190
catchments from the MOPEX dataset to represent both their long-term mean and the inter-
annual variability of their annual water balances, and to explore the existence of space-time
symmetry. The ability of Eq. 2-2 to predict interannual variability is tested by fitting it
individually to each catchment, thus producing values of α for each of them. Given the wide
range of values of the parameter α and driven by the notion of comparative hydrology, catch-
ments are then classified into groups of similar patterns of mean annual (between-catchment)
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Figure 2-3: Schematic figure clarifying the definition of space-time symmetry based on hypothet-
ical catchments: (left) presence of space-time symmetry, and (right) no space-time
symmetry. Triangles represent long term mean water balance. Closed circles in both
panels represent alternative patterns of interannual water balance variability. Each
color represents a different catchment.
and interannual variability. Later, the spatial variability of the catchment α values will also
be examined for possible regional patterns by mapping them onto the eco-regions of the
continental U.S. Finally, an effort is made to explain the parameter α in terms of physical
catchment characteristics.
2.3 Results and Discussion
2.3.1 Applying the dimensionless form of the long-term mean annual
water balance to the MOPEX dataset
Figure 2-4 shows the results of the implementation of Eq. 2-2 and 2-3 to represent both
between-catchment and between-year variability of the water balance for all 190 of the
MOPEX catchments used in this study. Figure 2-4a presents the mean annual water bal-
ance, with mean annual values of E/Ep and Q/Ep plotted against mean annual values of
P/Ep. Figure 2-4b presents the corresponding relationships for interannual variability: it
shows the year to year water balance variability for the 190 catchments, all pooled together.
In each case we also present the best fits of Eq. 2-2 and 2-3 to each of the scatter plots. The
fitting process was carried out using a nonlinear least squares regression algorithm and the
goodness of fit was tested by means of the coefficient of determination (R2) and the Root
Mean Square Error (RMSE). It can be seen that the interannual variability plot (Fig. 2-
4b) exhibits much more scatter compared to the mean annual water balance variability plot
(Fig. 2-4a). This increased scatter in the interannual variability plots could be attributed
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to the effects of intra-annual climate variability, within-catchment variability, differences in
the dynamics of changes in soil water storage and effects of intra-annual, and interannual
variability such as those associated with El Niño Southern Oscillation (ENSO). However, in
spite of the large amount of scatter, particularly for the interannual variability, both figures
seem to be following the same pattern and the best fits of the parameter α are similar for
the two cases (1.75 vs. 1.71). This prompts us to ask the question whether there may indeed
be space-time symmetry between the long-term mean water balances and the interannual
variability of the water balances. This issue will be revisited later.


















































Figure 2-4: Dimensionless (left) between-catchment variability of the mean annual water balance
and (right) between-year variability of the annual water balance for 190 MOPEX
study catchments.
Equations 2-2 and 2-3 were then fitted to represent the observed interannual variability in
each of the 190 catchments and thus obtain individual values of α for each catchment. Once
again, this procedure was carried out using a nonlinear least squares regression algorithm.
Figure 2-5 presents sample results of the fitting of E/Ep using Eq.2-2 for the subset of nine
selected catchments discussed previously (see Fig. 2-1). Results show that our model is
able to represent the general trend of the interannual variability in most cases, although in
others the year-to-year responses are not well reproduced. In particular, of the nine catch-
ments, three produced low coefficients of determination. These catchments (Walker Creek,
VA, R2 = 0.03; Chemung River, NY, R2 = 0.12 and Wenatchee River, WA, R2 = 0.25)
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exhibited the strongest interannual variability and happen to have the highest humidity in-
dex.Figure 2-6 presents the corresponding results for Q/Ep, where year-to year-responses
more closely follow the general trend, and thus the overall fits are better for this relationship.































































































































Figure 2-5: Examples of fits of the Budyko-type equation (Eq. 2-2) to predict E/Ep for the
subset of nine selected catchments. Black dots represent the observed data and red
dots depict the predicted curves.
In order to further illustrate the differences in model performance and possible explana-
tions for these, we explore the magnitudes of the coefficients of determination (R2) obtained
for the fits of our Budyko-type model to the empirically obtained (between-year) E/Ep vs.
P/Ep and the Q/Ep vs. P/Ep relationships. The results, presented in Fig. 2-7, show that
in the case of E/Ep (Fig. 2-7a) the magnitudes of R
2 are as high as 1.0 for arid catchments
(low P/Ep) and decrease systematically (as indicated by a fitted power law) with increasing
humidity index. The corresponding results for Q/Ep do not show a clear pattern as those
for E/Ep do, although the model fits are better overall for Q/Ep, since the R
2 values are
greater than 0.5 for a large majority of catchments. The stark contrast between these two
sets of results is indeed very interesting, and points to differences in the underlying process
controls. Evaporation is primarily vegetation controlled, and this control depends on the
relative availability of energy and water. Therefore, the changing relative water and energy
variability with increasing humidity index has a significant impact which can explain the
systematic pattern seen in Fig. 2-7a. A similar dependence on the humidity index has been
18 2 Regional patterns of interannual variability across the U.S.








































































































































Figure 2-6: Examples of fits of the Budyko-type equation (Eq. 2-3) to predict Q/Ep for the
subset of nine selected MOPEX catchments. Black dots represent the observed data
and blue dots depict the predicted curves.
reported in the context of the Horton Index, and with a similar explanation as well (Troch
et al., 2009). On the other hand, runoff is controlled by both surface processes (topography
and surface soil properties) and subsurface processes, in which case the competition with
evaporation also plays a role. As a result, the role of water vs. energy competition is some-
what more muted, which probably explains the scatter seen in Fig. 2-7b.
In spite of these caveats, the fits displayed in Fig. 2-5 and 2-6 for the subset of catchments
(and summarized in Fig.2-7 for all 190 MOPEX catchments) are still significant, considering
that equations 2-2 and 2-3 are: (i) process based (i.e., invoking the competition between
water and energy availability) and mathematically simple, with just one parameter, α and
(ii) therefore, potentially universally applicable.
2.3.2 Classification of mean annual and interannual water balance
variability
The fitting of Eq. 2-2 and 2-3 to each of the 190 study catchments produced a wide range of
values of the parameter α. Taking into account that catchments can be considered hydro-
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Figure 2-7: Coefficient of Determination vs. Humidity Index for the 190 study catchments for
the model fits to the empirical relationships between E/Ep (left) and Q/Ep (right)
vs. P/Ep.
logically similar if they filter the variability of climate inputs in similar ways and that this
similarity can also both reflect, and be reflected in, the co-evolution of their climate, vege-
tation, soils, and landscape signatures (Blöschl et al., 2013), our next step was to use these
values of α in the search for regional patterns. For this purpose we classified the catchments
into 8 groups in terms of similar behavior patterns of both mean annual (between-catchment)
and interannual variability, characterized by increasing values of α. The results are presented
in Fig. 2-8 and 2-9 in the form of the two dimensionless relations for E/Ep and Q/Ep for
all catchments falling into each class. Figure 2-8 shows the results for the spatial variabil-
ity of the mean annual water balance, whereas Fig. 2-9 presents the corresponding results
for interannual variability. Note that in both Fig. 2-8 and 2-9, once the catchments are
assigned to a group on the basis of their individual values of α, the data for all catchments
within one group are plotted together. However, the lines presented in each case are based
on a common fit of Eq. 2-2 and 2-3 to all the data in each group, and resulting in a group
α-value. Once again (as in Fig. 2-4), the group α values for between-catchment (Figure
2-8) and between-year (Fig. 2-9) variability are nearly the same.
Recalling the schematic presented in Fig. 2-3, from Fig. 2-8 and 2-9 it can be seen how
for individual classes of catchments both the long-term mean annual and interannual water
balance variability of a group follow the same (common) pattern. In this way, the results
presented in Fig. 2-8 and 2-9, taken together, do indicate the likely existence of space-
time symmetry with respect to individual classes of catchments, in the sense that the same
20 2 Regional patterns of interannual variability across the U.S.































































































































































Figure 2-8: Effect of α on the dimensionless long-term mean annual water balance. Values of α










































































































































































Figure 2-9: Effect of the parameter α on the dimensionless interannual water balance. Values of
α increase from Group α1 to Group α8 as shown by the interval on top of each plot.
Budyko-type model captures both the mean annual water balance as well as general trends
of interannual variability. To further reinforce this observation, we present in Fig. 2-10
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close-ups of the results for four catchments located in New York (NY), Texas (TX-1), Cal-
ifornia (CA) and Virginia (VA) and belonging to Group α3, and four catchments located
in Texas (TX-2), Kansas (KS), Georgia (GA) and North Dakota (ND) and belonging to
Group α7. Note that there are two catchments located in Texas, however one belongs to
the Blanco River (TX-1) and the other one to the Frio River (TX-2). In this figure, we
use different colors to separate the results for the different catchments. It can be seen in
Fig. 2-10 how each catchment (represented by a unique color) has its own interannual
variability pattern. But when analyzed as a whole, all catchments within a group follow
the same general trend that is exhibited by the (between-catchment) variability of mean
annual water balance. As discussed in Section 3.1, the results are less conclusive for the
more humid catchments. Per the definition presented in Fig. 2-3, these results do therefore
confirm the existence of space-time symmetry in several of the catchments, especially the
more arid ones. In the more humid catchments, the space-time symmetry is present only in
an average sense; that is, in the latter catchments, our model is able to predict the general
trends, but fails to exactly reproduce the water balance variability from one year to the next.































































































Figure 2-10: Dimensionless long-term mean annual water balance (left panels) and interannual
water balance (right panels) for catchments in Group α3 (top panels) and Group
α7 (bottom panels).
Also, the results in Fig. 2-8 and 2-9 can yield some insights into the role of the parameter
α in water balance variability. These figures show how the “gap” between E/Ep and Q/Ep
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values widens with increasing α-values. Associated with this trend, one can also see that
the threshold value of P/Ep before streamflow is produced also increases with increasing
α. These results point to differences in the competition between evapotranspiration and
drainage with changing values of α: as the value of α increases, evapotranspiration tends
to win the competition, i.e., evapotranspiration becomes the dominant process for larger
values of α, while for smaller values of α (i.e., catchments from Groups α1 to α3) runoff is
more dominant. For catchments in Group α4 there appears to be more equality or balance
between evapotranspiration and drainage. Similarly, in Fig. 2-8 and 2-9, at high values of
α the evaporative fraction approaches a value of 1.0, indicating that actual evapotranspira-
tion approaches the potential evapotranspiration, thus indicating the presence of an energy
limitation for evapotranspiration. On the other hand, for low values of α (e.g., Group α1)
E/Ep asymptotes at a value less than 1, indicating the presence of a water limitation for
evapotranspiration. We hope to gain insights into the reasons for these behavior patterns
by looking at regional patterns of α.
2.3.3 Regional patterns of α
Figure 2-11 shows the spatial distribution of the parameter α across the continental U.S. At
first glance there appears to be no obvious geographical pattern amongst the MOPEX catch-
ments. On closer look, however, one does find interesting differences between two extreme
groups: α1 and α8. Catchments in Group α1 seem to be located in higher altitudes (Idaho,
Montana and Wyoming), with snowmelt being a dominant process, whereas catchments in
Group α8 are found in the south-eastern coastal plain region (e.g. Florida), where rainfall
seasonality is closely associated with summer tropical storms and hurricanes.
In order to better understand the potential causes for the distribution of our α-parameter
values across the continental U.S, we used Bailey’s Ecoregions map (Bailey et al., 1994),
which organizes the landscape into regions with common climatic and vegetation character-
istics (Fig. 2-11). This classification includes Domains, which are groups of related climates;
Divisions, which represent the climates and the general vegetation within the domains; and
Provinces which are further differentiated by elevation and specific vegetation types and
other natural land covers. For the purpose of classification, each catchment’s drainage area
was superimposed over the Bailey’s ecoregions map to determine to which domain, division
and province it belongs (Fig. 2-11).
In terms of Bailey’s Domains, the 190 MOPEX study catchments are all considered either in
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the Humid Temperate Domain or in the Dry Domain. Nevertheless, distinctive similarities
were found in respect of the Divisions and the Provinces for the different α groups. For exam-
ple, catchments in Group α1 were found to fall in the Temperate Steppe Regime Mountains
Division where the vegetation is principally dominated by coniferous forests, steppes, alpine
meadows, open woodlands and mixed forests. Meanwhile, catchments in Group α2 seem to
be a transition between catchments which are part of the Temperate Steppe Division and the
Hot Continental Division, including the Hot Continental Regime Mountains and the Warm
Continental Division. For this group the natural vegetation consists mostly of deciduous
broadleaf forests (continental and Oceanic), coniferous forests, meadows, and mixed forests.
Catchments in Groups α3 and α4 fall into similar ecoregions within Bailey’s classification,
belonging mostly to the Hot Continental Division and the Prairie Division, where the natu-
ral vegetation consists of broadleaf forests, prairie parkland, and mixed forests. Catchments
in Groups α5 and α6 can also be analyzed together, since both belong to the Subtropical
Division. Vegetation in these catchments is principally outer coastal plain mixed forest.
Group α7 shows the most heterogeneity amongst all α-groups having catchments spanning
Prairie, Subtropical, Temperate Steppe and Tropical/Subtropical Steppe divisions, where
the natural vegetation varies from prairie parkland and mixed forests to dry steppe and
shrubs. Finally, all catchments in Group α8 belong to the Subtropical Division and to the
Outer Coastal Plain Mixed Forest Province.
The above analysis leads us to conclude that the parameter α can be closely associated with
the co-evolution of catchments in the way each one of them partitions water and energy
availability and how these characteristics are then reflected in the vegetation types that can
be found across the U.S. However, the question remains if a fully physically based interpre-
tation can be ascribed to this parameter. This is pursued next.
2.3.4 A physical explanation of α
So far we have shown that Eq. 2-2 and 2-3 provide a unifying framework for both between-
catchment and between-year variability, expressed in terms of a humidity index and the
parameter α, thus our next objective is to seek a physical explanation for this parameter.
For this purpose, we tested for the existence of a possible relationship between α and the
runoff coefficient, defined as Q/P , and an evapotranspiration ratio defined as E/P . Figures
2-12a and 2-12b show a clear and compact relationship between α and these two ratios. In
particular, Fig. 2-12a shows how small values of α are related to high values of the runoff
coefficient and how the runoff coefficient decreases as α increases. Figure 2-12b shows the
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Figure 2-11: Regional distribution of similar catchment groups based on α values across the
continental US and Bailey’s ecoregions.
opposite, as expected: in catchments with small values of α more water goes into streamflow
whereas in catchments with high values of α more water is spent as evapotranspiration.
However, it was noticed that some of the MOPEX catchments did not follow these patterns
and exhibited a different behavior. To explain this different behavior, these catchments were
grouped into their own class and are represented as black dots in Fig. 2-12. It can be
seen that the behavior of this class of catchments do not show a clear relationship to the
parameter α.
To understand why the catchments represented as black dots behave differently from the rest,
their locations across the continental U.S. were examined, as shown in Fig. 2-13. This figure
shows that these catchments are mostly located in the High Plains, the Midwest region (Iowa,
Kansas, Minnesota, Missouri, North Dakota, Nebraska, South Dakota and Wisconsin) and
in the arid west region (Arizona, California, Nevada, New Mexico, Oklahoma, Texas). Many
MOPEX catchments in these regions were identified previously by Wang & Hejazi (2011)
as some of the most human-impacted, suggesting that their anomalous behavior could be a
result of agricultural land use change, dams, or surface water and groundwater withdrawals.
Particularly for regions in the arid west, Wang & Hejazi (2011) found that catchments in
these water limited environments are more vulnerable to both climate change and direct
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human impacts. In terms of Bailey’s ecoregions, these catchments are mainly located in the
Prairie Division and the Tropical/Subtropical Steppe Division, where the natural vegetation
would consist of prairie parkland, dry steppe and shrubs; however Wang & Hejazi (2011) and
Ye et al. (2012) showed that catchments in the “prairie” regions are now mostly dominated
by agriculture and tile-drainage (particularly Iowa), so not only has annual evapotranspira-
tion changed in these catchments but the groundwater table depth has also been modified.










Parameter α vs. Runoff Coefficient
 
 










Parameter α vs Evaporation Ratio
 
 



















Parameter α vs. Water Table Depth
 
 

















Parameter α vs Mean Slope
 
 









Figure 2-12: Relationship between α and (a) the runoff coefficient, Q/P , (b) evapotranspiration
ratio, E/P , (c) mean slope of catchments, and (d) and water table depth. Each
color represents one α-group. Black dots represent human-impacted catchments
that exhibit anomalous behavior.
Based on Fig. 2-12a and 2-12b and given the regional distribution of α, principally for
catchments in Groups α1 and α8 (Fig. 2-11), we looked for a relationship between the
α-values and the mean slope of a catchment and the depth to the water table, but a clear
and conclusive relationship was not found. However, in Fig. 2-12c, an R2 value of 0.39 was
obtained when fitting the data to a power law, which seems to suggest that in general the
higher the value of α the smaller is the mean slope of the catchment, which can be translated
to a higher capacity to retain water. On the other hand, the smaller the value of α the higher
the mean slope of the catchment, which may explain why catchments in Group α1 have less
capacity to retain water and have a higher runoff coefficient and a smaller evapotranspiration
ratio (Fig. 2-12a and 2-12b). As for the water table depth, the results of Miguez-Macho
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Figure 2-13: Geographical distribution across the continental U.S. of catchments exhibiting
anomalous behavior in Figure 12. Most of them belong to Groups α3 and α4.
et al. (2008) and Fan et al. (2013) were used to obtain a relationship between this variable
and α (Fig. 2-12d). Both studies simulated a climatological mean water table depth value,
which was a result of the long-term hydrologic balance between the water table recharge
and the lateral, geologic, and topographically induced flow below and parallel to the water
table, i.e., discharge. Figure 2-12d also seems to suggest that catchments with the highest
values of α have shallower water tables, consistent with water table depths in the south-east
regions (Group α8), whereas catchments with smaller values of α have deeper water tables,
e.g., in mountain regions (Group α1). Nevertheless, this figure also shows that catchments
in other α-groups can have water tables at varying depths.
Other variables and indices were also used to look for a better physical explanation for α,
such as the seasonality index, the baseflow index and Budyko’s traditional aridity index, but
the results have so far been inconclusive. Improved understanding of the physical meaning
of the parameter α may be possible if streamflow can be separated into fast (surface) and
slow (subsurface) runoff components, as in the case of the two-stage formulation proposed
by L’vovich (1979) and Ponce & Shetty (1995a,b); this is left for future work.
Finally, Fig. 2-14 presents two 2-way projections of the 3-way relationship governing mean
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annual water balance (P/Ep vs. E/Ep and P/Ep vs. Q/Ep). In both cases, they display
compact behavior. This figure shows the existence of a family of curves dependent on the
parameter α, similar to what several other authors have found for Budyko-type curves. For
example, Zhang et al. (2001), expressed the long-term water balance in terms of the aridity
index and a vegetation cover parameter ω. Yang et al. (2008) did likewise, but in terms of
the aridity index and a parameter n that represented catchment biogeophysical properties.
However, the Zhang et al. (2001) and Yang et al. (2008) models have not been extended
to accommodate interannual variability. Even though Zhang et al. (2001) showed that the
parameter ω was physically related to the vegetation type (grasslands/forests), no spatial or
regional associations were found for that parameter.


















































Figure 2-14: Two-way projections of the three-way relationship governing mean annual water
balance (P/Ep vs. E/Ep and P/Ep vs Q/Ep), and the parameter α.
2.4 Summary and Conclusions
This paper has explored regional patterns of interannual variability of the annual water
balance, using 53 years of data from 190 MOPEX catchments located across the continen-
tal United States. We have applied a general quantitative and dimensionless formulation
that can reproduce the variability of annual water balance, both between catchments and
between years, and the symmetry between these two forms of variability, based on the com-
petition between water and energy availability. However, the observed space-time symmetry
is valid only in a limited sense: our dimensionless model only predicts the general trends
of variability (both between-catchment and between-years) but there is still considerable
28 2 Regional patterns of interannual variability across the U.S.
scatter in the results, especially in the case of interannual variability in individual humid
catchments. This scatter in the interannual variability could be explained by the effects
of intra-annual variability of climatic inputs including those associated with storm arrival
times, within-catchment variability, the dynamics of changes in soil water storage, and the
carry-over of storage from one year to the next, as well as variability related to the differ-
ential impacts of climatic phenomena such as El Niño Southern Oscillation (ENSO), all of
which should be taken into consideration in future studies of annual water balance variability.
The Budyko-type model developed in this paper to match the observed patterns of between-
catchment and between-year variability of annual water balances consists of two parameters:
the humidity index, P/Ep, and a fitting parameter α. In the sense that these dimensionless
parameters can characterize water balance variability at catchment scale, they can both be
deemed as similarity parameters. Whereas the humidity index measures climate similarity,
which is the primary determinant of the annual water balance, the parameter α represents
catchment similarity: catchments with similar values of α can be deemed hydrologically
similar, and in this paper the 190 MOPEX catchments were clustered into eight similar
catchment groups on the basis of their α values. Each group of catchments has been shown
to display a unique form of space-time symmetry characterized by the value of α.
Since our interest has been to understand the process controls on the annual water balance,
a further effort was made to explore the meaning of the similarity parameter. Regional map-
ping of α-values and association with available landscape properties revealed the potential
for further exploration. For example, there was a suggestion that α may be related to the
mean topographic slope of catchments and to a smaller degree to the water table depth:
increasing slope and water table depths coincided with decreasing α, and vice versa. Clear
relationships between α and the runoff coefficient were also found. Small values of α are
associated with high runoff coefficients, and vice versa, which are consistent with the de-
pendence on slope and water table depth. Both of these dependencies are only suggestive,
and considerable further work is needed to come to definite conclusions. Separation into fast
(surface) and slow (subsurface) runoff processes may assist the development of more robust
relationships.
One of the main contributions of this work is the interesting regional (qualitative) trends of
the parameter α across the continental U.S. Distinctive similarities were found between the
catchment groups and associated α values, with the mapping of U.S ecoregions that implic-
itly take into account common climatic and vegetation characteristics. This result suggests
that the parameter α reflects the net effects of the co-evolution of catchments. So, while α
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captures the role of short-term climatic and local landscape properties in the way that water
is partitioned with respect to the competition between water and energy availability, it also
implicitly reflects how this water balance partitioning is manifested in the vegetation types
that have developed through co-evolution in these regions. Thus, the parameter α can be
seen as an emergent property that stands for the climatic and landscape factors that are not
included in the humidity index. In this context, through exploring the regional patterns of
water balance variability, this study has brought out a deep sense of similarity that is evident
in this space-time variability, and reflecting the co-dependence and co-evolution of climate
and landscape properties. In this way it presents the elements of a Darwinian framework
for the pursuit of comparative hydrology as proposed by Blöschl et al. (2013) and Harman
& Troch (2013).
On a more practical front, the generalized Budyko-type model could be used for prediction
in ungauged basins and also for predictions of the effects of climatic change. The existence of
space-time symmetry identified in this paper can be very valuable for predictions of changes
in the water balance, by serving as the basis of space-for-time substitution methods in which
observations across different places can be used to predict possible future changes in the
time domain. This approach is of particular interest when long records of variables are not
available such as in ungauged basins, or in catchments undergoing change. Nevertheless,
analyses presented here must be repeated on a much larger population of catchments, so
that the links between α and local climatic and bio-geophysical factors can be further re-
fined and established universally. These analyses are left for further research.
3 Exploring the water balance variability
in the Amazon River basin
Alejandra M. Carmona and Germán Poveda
Abstract: We study the spatio-temporal variability of the water balance in the Amazon
River basin at the sub-catchment scale using independent datasets of precipitation (P ),
runoff (R), actual evapotranspiration (E), and potential evapotranspiration (Ep). This is
carried out mainly from three perspectives: hydrological regime curves (annual cycles), the
closure of the water balance and the temporal dynamics of soil moisture storage change
(dS(t)/dt). Specifically, the basic principles of the crossing theory will be used for two
purposes: (i) to characterize the joint seasonality of P and Ep and its influence on the
annual timing of E and R and (ii) to study the temporal dynamics of the time interval
between zero crossings (t0) of dS(t)/dt. In addition, the first statistical moments and the
scale of fluctuation of the random variable t0 are used to explore some notions of hydrological
persistence. The relationship between these statistical parameters with drainage area is
studied by clustering the sub-catchments within the 6 major river basins: Solimões, Negro,
Madeira, Purus, Tapajós and Xingú. For all the above analyses, regional patters across
Amazonia are identified. These are consistent with macroclimatic phenomena at the annual
and interannual time scale such as the migration of the Intertropical Convergence Zone,
the interaction with the Andes mountain range and moisture advection from the Atlantic
and Pacific Oceans. Our results shed light on the evident heterogeneity of the Amazon
River basin, specifically on the clear-cut differences between northwestern and southeastern
Amazonia.
3.1 Introduction
Understanding the way how water moves around the Earth and its relationship to climate
and watershed characteristics provides an insight into the complex processes operating over
a range of spatial and temporal scales (Zhang et al., 2008). In hydrology, water balance
equations have been used to describe the flow of water in and out of certain control volumes,
such as a column of soil, a river basin, a continent, among others. The main variables that
are involved in the water balance are precipitation (P ), runoff (R), evapotranspiration (E)
and soil water storage (S). Precipitation is not only the major input for water balance mod-
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els but also the input with greatest variability. Runoff provides a measure of the response of
a basin to the space-time varying inputs and the internal hydrological processes. Evapotran-
spiration is the process by which water is returned to the atmosphere as vapor and also, the
major output of water balance models. Finally, soil water storage is defined as the amount
of water that can be stored in the soil at any time, which depends on soil properties and
vegetation. Given that P , E, R and S are interrelated, by studying the water balance in a
catchment, one can estimate changes in one variable due to changes in another. Since water
balance models were developed, they have been used to study several hydrological problems
of water availability, watershed characteristics, water resources management and streamflow
prediction in ungauged basins (Xu & Singh, 1998; Zhang et al., 2008; Blöschl et al., 2013).
In addition, they have also proven to be a valuable tool for evaluating the hydrologic conse-
quences of climatic change (Gleick, 1989; Schaake & Chunzhen, 1989; Dooge, 1992; Koster
& Suarez, 1999; Arora, 2002; Tomer & Schilling, 2009; Roderick & Farquhar, 2011; Wang &
Hejazi, 2011).
The hydrological dynamics of the Amazon River basin not only play an important role in
regulating the water cycle and the water balance in South America but also are a key driver
of global climate. In particular, evapotranspiration of the forest is significant in balancing
the strong surface radiative heating by pumping latent heat into the atmosphere and thus
contributing to the decrease of surface temperatures (Nobre et al., 2009). However, the water
cycle in Amazonia is sensible both to perturbations caused by human-related activities such
as increasing emissions of greenhouse gases, deforestation and widespread biomass burning,
in addition to natural climate variability such us El Niño-like conditions in the Pacific Ocean
and changes in the tropical Atlantic Ocean (Yoon & Zeng, 2010). For this reason, studies of
the water balance and its variability in Amazonia, such as the ones carried out by Marengo
et al. (1994), Salazar (2004), Marengo (2005), Tomasella et al. (2008), among others, should
be expanded on, not only with longer and more recent datasets, but also at different spatial
scales.
Historically, one of the main challenges in studying Amazonia has been data collection
and processing. Despite the great efforts that have been carried out with projects such
as The Large Scale Biosphere-Atmosphere Experiment in Amazonia (LBA, 1995-2005) and
Amazalert (2011-2014, http://www.eu-amazalert.org/home), some climatic and hydrologic
variables are still poorly quantified, inconsistent throughout time or remain unavailable.
This is mostly because of Amazonia’s great area and complexity. Thus there are still gaps
in our comprehension of the spatial variability of the water balance in the region over a
wide range of temporal and spatial scales (Nobre et al., 2009). For this reason, the objective
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of this work is to contribute to the understanding of the hydro-climatological processes in
Amazonia by analyzing the water balance at the sub-catchment scale. This is carried out
from the perspective of hydrological regime curves, the closure of the water balance and
the dynamics of soil moisture storage. We also aim at exploring the basic statistics of the
series of soil moisture storage change (dS(t)/dt). For this purpose, we use the notions of
the crossing theory and hydrological persistence, with the hypothesis that larger catchments
have a higher capacity to regulate hydrological processes. These analyses are essential to
learn about the common characteristics of hydrologic time series, which in turn can be helpful
in selecting appropriate data analysis procedures in a region (Machiwal & Jha, 2012). To
this end, this paper is structured as follows: the study area, available data and methods are
described in section 3.2. Results are depicted in section 3.3 and conclusions are drawn in
section 3.4.
3.2 Methods and Data
3.2.1 Hydrological regime curves
In this study, a hydrological regime curve (or annual cycle) for an individual catchment
consists of a 27-year average of mean monthly data (P , E, R and Ep) calculated for all twelve
months. The regime of a river refers to its seasonal pattern of flow over a year and thus, these
regime curves are usually used to study the seasonal variability of hydrologic quantities in a
determined area or catchment. This allows to identify the periods of droughts (i.e low flows
and little rainfall) and moisture surplus (high precipitation and high flows), as well as their
duration within a year. Understanding the hydrological regimes could be useful to describe
the hydrology in areas with extensive river regulation, identify the potential water availability
or shortage in a catchment in a particular season and to extrapolate hydrological predictions
within similar regions, among others (Gordon et al., 2004). For this study, special attention
will be paid to the joint annual cycles of P and Ep based on the Budyko Hypothesis of the
coupled balances of water and energy (Budyko, 1974). Using this perspective, a classification
system of the sub-catchments in the Amazon River basin will be proposed.
3.2.2 Water balance equation
The dynamic water balance in a catchment can be written as:
dS(t)
dt
= P (t)− E(t)− R(t) (3-1)
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Where dS(t)/dt represents the rate of change of the water that can be stored in the soil,
S(t) is the total stored water in the soil, P (t) is precipitation, E(t) is evapotranspiration
and R(t) is total runoff at a given time t. All variables are expressed as water depth [LT−1].
When Eq. 3-1 is integrated over a long-term time interval (T → ∞), one obtains:
S(T )− S(0)
T


















In this case, P̄ , Ē and R̄ are the long-term averaged water fluxes, according to the mean
value theorem. The left-hand side of Eq. 3-2 represents the rate of change of soil water
storage over a time horizon T . As [S(T ) − S(0)] remains finite when T is increased, the
quantity [S(T )− S(0)]/T approaches zero such that:
0 = P̄ − Ē − R̄ (3-4)
Equation 3-4 is usually referred to as the equilibrium or steady state water balance (Zhang
et al., 2008). However, it is only valid over long time scales in which the carryover of water
storage between years is negligible compared to annual fluxes. For small time scales (i.e
daily, monthly), the left-hand side of Eq. 3-2 can be quantified as the residual of P , E and
R at each time step t. In particular, from Eq. 3-2, it is possible to estimate a series of the
soil water storage S(t) in time, as:
S(t) = [P (t)−E(t)−R(t)]∆t + S(t− 1), (3-5)
where S(t) is the soil moisture at time t, S(t − 1) is the soil moisture at a previous time
(t− 1), and ∆t represents the time step.
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3.2.3 Hydrologic year
In order to study the long-term water balance in any catchment, data should be aggregated
to the annual scale to obtain long-term mean values (right-hand side of Eq. 3-2). However, as
suggested by Gordon et al. (2004), before calculating annual statistics of hydrologic variables
one should decide first on what is meant by annual: the calendar year or the hydrologic year.
Most hydrologic data are reported on the basis of the calendar year which starts on January
1st and ends on December 31st of a given year, but the hydrologic year is defined such that
the flood season is not split between consecutive calendar years. In Colombia for example,
the hydrologic year or water year can be considered beginning on June 1st and ending on May
31st of the following year, while in regions with seasons and snowmelt like the United States,
the water year runs from October 1st to September the 30th. In Amazonia, given its vast area
and presumed hydrologic variability, we will not define a specific water year for the entire the
river basin. Instead we will identify the hydrologic year for those 115 catchments in which
information of river discharges is available. We will proceed as McMahon & Mein (1986),
who reviewed several methods for determining the start of the water year and concluded
that the most appropriate starting month is the one with the lowest mean monthly flow.
3.2.4 Crossing theory
The crossing theory, developed by Rice (1945), is a statistical analysis tool that can be ap-
plied to series of hydrologic variables that exhibit probabilistic density functions that are
approximately Gaussian in order to provide a measure of their persistence (or memory) in
time (Vanmarcke, 1988; Bras & Rodŕıguez-Iturbe, 1985; Nordin & Rosbjerg, 1970). How-
ever, this theory has also been applied to stationary Chi-Square processes and Lognormal
processes (Desmond & Guy, 1991). The crossing theory studies the properties of excursions
of random processes above or below certain fixed levels or thresholds and thus, it has been
useful in predicting extreme value statistics (Bras & Rodŕıguez-Iturbe, 1985). Figure 3-1
shows a continuous time series of a hydrological process, y(t), which has been normalized to
obtain zero mean and unit variance.
There are several quantities of interest in this figure, such as the time between successive
up-crossings (B+) or down-crossings (B−), which measure the frequency of occurrence of
excursions above or below the fixed levels h or −h, respectively. Also, the area of an excur-
sion above (Ah) or below (A−h) the threshold level ±h, measures the cumulative magnitude
of hydrologic anomalies above (or below) the fixed level. Of particular importance for this
study is the time interval between zero crossings (t0) which measures the duration of the
excursion of the process y(t) above or below zero. Given a time series with sufficient length,
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Figure 3-1: Crossing theory characteristics for a continuous time series y(t) (Adapted from
(Nordin & Rosbjerg, 1970))
all the statistics B+, B− , t0, and Ah can be estimated (Eltahir & Yeh, 1999). Previous
investigations have applied the crossing theory to study hydrological processes, mainly river
flows, where the thresholds have been chosen such that excursions above or below them
represent floods or droughts (Desmond & Guy, 1991; Nordin & Rosbjerg, 1970; Bras &
Rodŕıguez-Iturbe, 1985). In this study, the crossing theory will be used for two purposes:
(i) to characterize the hydrological regime curves for the sub-catchments in Amazonia and
(ii) to analyze the temporal dynamics of the changes in soil moisture storage (dS(t)/dt).
However, we will not make use of the analytical equations of Gaussian random processes
originally proposed by Rice (1945) to quantify the expected value and other moments of
the quantities presented in Fig. 3-1. Instead we will explore the statistics from the actual
data, focusing on t0, acknowledging the fact that statistical characteristics computed from a
sample can only be used to make inferences of the entire population (Machiwal & Jha, 2012).
3.2.5 Study area and data sets
The Amazon River basin is the largest river basin in the world and constitutes an en-
tire biogeographic, physiographic, hydrological and climatic entity rich in biodiversity, with
thousands species of plants, insects, fish, birds and mammals (Salazar, 2004). It is located
in the tropics in the northern part of South America, between latitudes 5◦N and 20◦S, and
longitudes 80◦W and 50◦W, approximately. It drains an area of about 6’700,000 km2 dis-
tributed mainly between Brazil, Bolivia, Colombia, Ecuador, Peru and Venezuela. Its main
channel has a length of 6,280 km with a mean annual flow of 209,000 m3/s at its farthest
gauging station, Óbidos (Molinier et al., 1996). The Amazon River has approximately 15,000
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tributaries, including the Madeira River, which is considered the longest one (3,380 km) and
the Negro River (Guaińıa River in Colombia) which is the one with the highest discharge,
of up to 100,000 m3/s (Salazar, 2004).
Amazonia can be divided into 146 sub-catchments, which in turn can be grouped into 6
mayor river basins (Fig. 3-2): Solimões, Purus, Negro, Madeira, Tapajós and Xingú. For all
of these sub-catchments information of precipitation (P ) and actual evapotranspiration (E)
were available, but data of river discharges (Q) was available only for 115 of them. For this
reason, analysis which require calculations of runoff (R) will only be carried out for this sub-
set of sub-catchments. All data was obtained within the AMAZALERT project. Specifically,
P and Q were obtained from the Observation Service SO-HYBAM (formerly Environmental
Research Observatory ORE-HYBAM), available at http : //www.ore− hybam.org/. River
discharges (Q) were transformed into runnoff (R) considering that R = Q/A, with A being
the drainage area of each sub-catchment. Actual evapotranspiration (E) was obtained from
a global monitoring network combined with meteorological observations and remote sensing
data, compiled by the Max Plank Institute (MPI) (Jung et al., 2010). Finally, potential
evapotranspiration (Ep) was calculated using Hargreaves equation (Hargreaves et al., 1985)
following Trabucco & Zomer (2009) and Vallejo et al., (in preparation), who conclude that
for South America, particularly for the Amazon River basin, this model based on mean
monthly temperature, mean monthly temperature range and mean monthly extra-terrestrial
radiation is one of the most suitable ways to estimate Ep. All of these quantities (P , R, E,
Ep) were available at a monthly scale (mm/month) from January 1982 to December 2008
thus covering 27 years of information.
3.3 Results and Discussion
3.3.1 Hydrological regime curves in Amazonia
First, hydrological regime curves or annual cycles of precipitation and potential evapotran-
spiration were constructed for the 146 sub-catchments of the Amazon River basin, in order
to explore the temporal coincidence of P and Ep. Results for the regime curves of P allowed
to distinguish different patterns across Amazonia, some of which have been previously iden-
tified and discussed in the works of Marengo (2004), Marengo (2005) and Espinoza et al.
(2009), among others. The latter presented a very complete work on the spatio-temporal
rainfall variability in Amazonia in which homogeneous regions of regime curves were dis-
tinguished. However our goal is not to study precipitation in isolation as has been done











Figure 3-2: Location of the 146 sub-catchments and the 6 major river basins within Amazonia
before, but instead in conjunction with potential evapotranspiration, in order to evaluate
their joint impact on actual evapotranspiration and runoff (Blöschl et al., 2013). We also
aim at identifying possible regional patterns across the Amazon River basin. This is carried
out based on the Budyko Framework (Budyko, 1958, 1974) for which P denotes available
water, while Ep represents the atmospheric demand or available energy.
Results show that between P and Ep, P exhibits the highest variability within the year (Fig.
3-3). In this figure P is represented by the blue line and Ep by the purple line. As reported
by Espinoza et al. (2009), Marengo (2004) and Marengo (2005), there is a clear contrast
between regime curves of P between northern and southern Amazonia. They attribute these
differences to the alternating warming of each hemisphere, to the South American Monsoon
(SAMS) and to the seasonal migration of the Intertropical Convergence Zone (ITCZ). Also,
near the Andes, Espinoza et al. (2009) identify very complex patterns of P associated with
the stations exposure to winds, that is, bimodal regimes in intra-Andean basins and unimodal
regimes in windward stations. On the other hand, Ep remains almost constant (Fig. 3-3)
which can be related to how solar radiation reaches the tropics year round. Considering this,
and recalling the Budyko framework, a catchment classification system was designed based
on the crossing theory, as explained next.
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Once the annual cycles were constructed for each catchment, the regime curve of Ep was
subtracted from the regime curve of P . Then the number of zero crossings of each series
was identified. If no zero crossings of P − Ep are found, it means that within the year, P
is always greater than Ep and in turn, in these catchments there is a dominance of water
availability. On the other hand, when zero crossings are identified that means that at least
once in the year, there is a dominance of available energy. From this analysis three main
groups were identified across Amazonia, that is, catchments with zero crossings (0), one
crossing (1) and two crossings (2). Also, the shape of the regime curve was taken into con-
sideration, evidenced by the time (month) when the crossings occur and either the month
of peak P or the month with the lowest P . For instance, all catchments in groups 0.1 and
0.2 have no zero crossings. What differentiates these two groups is that catchments in group
0.1 have a clearly dominance of P over Ep while catchments in group 0.2 were very close of
having a crossing between August and September. Catchments in group 1.0 have only one
crossing around July and August. That means that in these catchments water availability
governs for almost half a year while during the other half atmospheric demand dominates.
All catchments in groups 2.1, 2.2, and 2.3 have two zero crossings of the residual between
P −Ep. Nevertheless, catchments in group 2.1 present the first crossing in February-March-
April, the second one between August-September-October and a peak precipitation between
May-June-July. Catchments in group 2.2 present the first crossing between April and May,
the second one between October and November and the lowest P between June and August.
Finally, catchments in group 2.3 exhibit the first crossing between June and July, the second
one between September and October and its minimum P occurs between July and August.
As a result, a total of six groups, with a distinctive regional distribution across the Amazon
River basin were identified (Fig. 3-3).
Many regions around the world display strong seasonality in the climate forcing, ranging
from completely in phase to completely out of phase P vs. Ep. These variables are said to
be in phase when the annual maximum P coincides with the maxima in Ep. Theoretically,
in catchments where P and Ep are out of phase, runoff dominates over evapotranspiration,
while if P and Ep are in phase or there is no seasonality at all, E governs the water cycle
(Blöschl et al., 2013). However in Amazonia, it is not easy to determine whether P and
Ep are completely in or out of phase. What is clear though, is that there are months of
the year where P dominates and months of the year where Ep dominates, as evidenced by
the 6 catchment groups explained before (Fig. 3-3). In turn, this has implications for the
partitioning of water into evapotranspiration and runoff, also presented in Fig. 3-3 as the
red and green lines, respectively. For example, for catchments in group 0.1 there is a clear
dominance of P over Ep throughout the year, hence R is expected to dominate over E dur-
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Figure 3-3: Regional distribution of hydrologic regime curves of P (blue), Ep (purple), R (green)
and E (red) across Amazonia
ing most months. Indeed this is observed in most of these catchments except for the first
trimester, when precipitation exhibits its lowest values and then, either E dominates over R
or they reach similar values. Catchments in group 0.2 also present a dominance of available
water over energy, however, P reaches its minimum values from August to October which
leads to a decrease in R and to an increase of E in the subsequently months. In catchments
in group 1.0, P exceeds Ep during the first semester of the year, but from June on, Ep
starts to dominate and consequently, R is expected to dominate over E. Nonetheless, for
these catchments, it was found that E prevails over R almost all year round. Catchments in
group 2.1 have a rainy season during the summer of the northern hemisphere, which matches
their location in the Amazon River basin. For this group, during the first five months, E
dominates the water partitioning. Then, around June-July, R exhibits a peak following P ,
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but by the end of the year (staring in September), E starts prevailing again. Most catch-
ments in group 2.2 are located in southern Amazonia and show a dry season that coincides
with the summer in the Northern hemisphere (May-August) and opposite to catchments in
group 2.1. For these catchments, E dominates most part of the year, except for the first
five months where either R dominates (following a peak in P ) or they reach similar values.
Finally, in catchments in group 2.3, R follows P most of the time, with maximum values
around March-April-May and low flows between August-September-October. Hence, during
their wet season R mostly dominates while during the dry season more energy is available to
evaporate water. In general, results show that there is not only a clear-cut contrast between
the behavior of the water balance in northern and southern Amazonia but also, catchments
close to the Equator exhibit the most differences. For example, all catchments within the
southern major river basins, that is, Madeira, Tajajós and Xingú, belong to class 2.2. In
contrast the Solimões and the Negro River basins contains sub-catchments in up to 4 of the
6 classes.
3.3.2 Spatial variability of the water year in the Amazon River basin
Based on the hydrological regime curves for R identified in the previous section and following
McMahon & Mein (1986), the month of the lowest flow was identified for each sub-catchment.
It should be reminded that information of river discharges was only available for 115 of the
total 146 sub-catchments. Figure 3-4 presents the starting month of the water year for each
sub-catchment. Results show that July, August and September are the most predominant
months among all. This happens mainly because most catchments in southern Amazonia
belong to group 2.2 (Fig. 3-3). It can also be seen that there is a particular clustering of
catchments with similar water years which can be related to the macroclimatic phenom-
ena at the annual scale that affects the hydrology of the Amazon River basin such as the
ITZC, the interaction with the Andes mountain range and moisture advection from the At-
lantic Ocean (Espinoza et al., 2009; Yoon & Zeng, 2010) and in turn, this is consistent with
what was presented in the previous section. Specifically, it can be seen that catchments
with starting months in January, February and March (Fig. 3-4) are located in Colombia
and Venezuela, (northern Solimões and northern Negro river basins) which by that time
of the year (specifically December and January) are experiencing periods of little rain. It
was also noted that in none of the catchments the annual cycle started on April, May or June.
With the water year identified for each sub-catchment our next step was to calculate their
long-term mean annual water balance. This is explained next.










Figure 3-4: Starting month of the water year in 115 sub-catchments in Amazonia
3.3.3 Long-term mean annual water balance for 115 catchments in
Amazonia
In order to estimate the long-term mean annual water balance for each catchment, all data
were aggregated to the annual scale taking into account the hydrological year identified in
the previous section. Hence, 26 years of information for each catchment were used. The first
water year for all sub-catchments corresponds to 1982-1983 and the last year to 2007-2008.
Later on, annual values of P , E and R were averaged to obtain the long-term mean values
and then, the right-hand side of Eq. 3-2 was calculated.
Bearing in mind Eq. 3-4, one would expect that over 26 years, the water balance in catch-
ments in Amazonia would be in a steady state, that is, that the residual between P̄ , Ē and
R̄ is zero or that the water balance “closes-up”. Nevertheless, our results show that for the
studied sub-catchments this does not seem quite true. For example, it was found that for
some of the catchments, the residual of the long-term mean water balance (P̄ − Ē − R̄) is
positive, while for others it is negative. A positive residual indicates that catchment storage
increases, for example due to accumulation of water in soils and vegetation. On the other
hand, a negative residual could be a sign of catchment water storage release since P̄ < Ē+R̄.
Physically, this implies, that there might be sources of available water other than P that can
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be converted either into R or E (Zeng & Cai, 2015). However, the considered datasets should
also be taken into account, since we are using independent data of P , E and R that could
carry errors. Even so, these results point out that for some of the studied catchments the
carry-over of water storage between years should not be considered negligible. Figure 3-5
shows the spatial distribution of the “closure of the water balance” for each sub-catchment,
which ranges from ±10mm/yr up to ±800mm/yr. This figure shows that only in 7 catch-
ments the long-term water balance closes with a residual of ±10mm/yr. It can also be seen
that most catchments with the lowest and the highest values of P̄ − Ē − R̄ (from -200 to
-800 mm/yr and from 400 to 800 mm/yr, respectively) are located within the Solimões River





















Figure 3-5: Closure of the water balance in 115 sub-catchments in Amazonia
Previous studies have assessed the water balance in the Amazon River basin, among them,
are those reported by Salazar (2004): Baumgartner & Reichel (1975), Villa Nova et al.
(1976), Marques et al. (1980), Jordan & Heuveldop (1981), Franken & Leopoldo (1984),
Shuttleworth (1988); Vörösmarty et al. (1989), Russell & Miller (1990), Nishizawa & Koike
(1992), Matsuyama (1992), Marengo et al. (1994), Vörösmarty et al. (1996), Costa & Fo-
ley (1999), Zeng (1999). However, these studies have focused only on the water balance at
Amazonia’s farthest gauging station, Óbidos. Also, some of these studies have addressed
the water balance equation using estimates of E which turn out to be dependent on P since
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they use equations such as those proposed by Turc (1954), Choudhury (1999) and Budyko
(1974), among others. However, our study not only estimates the water balance at the sub-
catchment scale but also uses an independent dataset for E. Nevertheless, for comparison
purposes, our results were contrasted with some of those previous studies at Óbidos as shown
in Table 3-1. This table was adapted from Salazar (2004). It presents estimates of P̄ , Ē
and R̄, as well as the evaporation ratio (Ē/P̄ ) and the runoff ratio (R̄/P̄ ).
Table 3-1: Comparison of water balance studies at Óbidos (Adapted from Salazar (2004)
Study P̄ Ē R̄ Ē/P̄ R̄/P̄ Ē/P̄ + R̄/P̄
[mm/yr] [mm/yr] [mm/yr] (%) (%) (%)
Baumgartner and Reichel, (1975) 2170 1185 985 54.6 45.4 100.0
Villa Nova et al., (1976) 2005 1080 925 53.9 46.1 100.0
Marques et al., (1980) 2083 1000 1083 48.0 52.0 100.0
Jordan and Heuveldop, (1981) 3684 1985 1759 53.9 47.7 101.6
Leopoldo et al., (1982) 2076 1676 400 80.7 19.3 100.0
Franken and Leopoldo, (1984) 2510 1641 869 65.4 34.6 100.0
Shuttleworth et al., (1988) 2636 1329 1317 50.4 50.0 100.4
Vörösmarty et al., (1989) 2260 1250 1010 55.3 44.7 100.0
Russell and Miller, (1990) 2010 1620 380 80.6 18.9 99.5
Nizhizawa and Koike, (1992) 2300 1451 849 63.1 36.9 100.0
Matsuyama, (1992) 2153 1139 849 63.1 36.9 92.3
Vörösmarty et al., (1996) 2301 1221 1080 53.1 46.9 100.0
Costa and Foley, (1998) 2160 1360 1106 63.0 51.2 114.2
Zeng, (1999) 2044 1879 365 91.9 17.9 109.8
Salazar, (2004) 2189 1248 940 57.0 43.0 100.0
Carmona and Poveda (2015) 2266 1189 1163 52.5 51.3 103.8
Mean Value 2322.8 1382.9 967.0 60.1 41.1 101.2
All studies presented in Table 3-1 were carried out using diverse datasets, methodologies
and time periods, thus the differences among them. However, it can be seen that on average,
all studies estimate that around 60% of Amazonia’s rainfall is spent as evapotranspiration
while 40% flows as runoff, except for the studies of Leopoldo et al. (1988), Russell & Miller
(1990) and Zeng (1999), who appear to be either overestimating E or underestimating R.
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Also, most of them show that in the long-term, the water balance at the furthermost gaug-
ing station in Amazonia (the one with the highest drainage area), can be considered in an
equilibrium state, and thus Eq. 3-4 may be applicable. However, the same cannot be said for
most of our 115 studied sub-catchments, as evidenced in Fig. 3-5. For this reason, our next
goal is to explore the dynamics of the residual of the water balance equation at a montlhy
scale (Eq.3-1). This residual will be refereed to as “soil water storage change” (dS(t)/dt).
This is pursued in the next section.
3.3.4 Dynamics of the soil water storage change
A series of monthly changes in soil water storage (dS(t)/dt) was calculated for each of the
115 sub-catchments using Eq. 3-1. Then, these series were studied from the perspective
of the crossing theory. Particularly, for each sub-catchment, a series of the time inter-
val between zero crossings (t0), (Fig. 3-1) was calculated. Bearing in mind the physical
meaning of dS(t)/dt, a zero crossing suggests either an increase in catchment storage when
P (t) > E(t) + R(t) or a release of water storage if P (t) < E(t) + R(t). This procedure
was carried out for the raw series of dS(t)/dt and a series of anomalies of soil water storage
change (dS(t)/dta). These series of anomalies were constructed by subtracting the sample
monthly mean from the raw data and then dividing the difference by the sample monthly
standard deviation. In this study, this has been done mainly to filter out the long-term
seasonal cycle, thus allowing to study the interannual variability.
One of the hypothesis of this study is that both for the raw series of soil water storage change
and its series of anomalies, the time interval between zero crossings (t0 and t0a) can be stud-
ied as random variables for which all of the statistical moments can be determined. In order
to prove this hypothesis our first step was to fit the best probability distribution function
(pdf) for each catchment among the most commonly used in geophysics, hydrology and water
resources. These include the following distributions: Gamma, Generalized Extreme Value,
Generalized Pareto, Maximum Extreme Value Type I (Gumbel Max), Minimum Extreme
Value Type I (Gumbel Min), Normal, Exponential, Lognormal, Weibull, Pearson type III
and Log-Pearson type III. The compatibility of our sample with the theoretical pdf was
examined by means of the following goodness of fit tests: Kolmogorov-Smirnov, Anderson-
Darling and Chi-Squared, with confidence levels set at 90% and 95%.
Results show that in most catchments, the series of t0 can be modeled using a Generalized
Pareto distribution (38/115), a Generalized Extreme value distribution (32/115), a three
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parameter Weibull distribution (16/115), a log-Pearson type III distribution (13/115) and
on a lesser extent by means of the following distributions: Lognormal, Gamma, Exponential
and Normal. On the other hand, for the series of t0a, the most common distributions are
the Generalized Extreme value (60/115) and the three parameter Lognormal (34/115). Fig-
ure 3-6 shows the spatial distribution of the pdfs among the 115 catchments. However, for
this figure these probability distribution functions have been clustered into four families: (i)
Normal and related, which comprise the Normal and Lognormal distrtibutions, (ii) Gamma
and Related which contain the Gamma, Exponential, Pearson type III and Log-Pearson
type III distributions, (iii) the Generalized Pareto Distribution and (iv) the Extreme Value
family, which include the Maximum Extreme Value Type I (Gumbel Max.), Minimum Ex-
treme Value Type I (Gumbel Min.) and the Weibull distributions. This figure shows that
there is no clear regional pattern of the theoretical probability distribution functions across
Amazonia. However it can be seen that the most common pdf for both t0 and t0a belong
to the family of the Extreme Value distribution. The extreme value theory studies the
stochastic behavior of maximum and minimum values of independent and identically dis-
tributed random variables. The properties of the distribution of the extremes, its statistics
and exceedances over predefined thresholds are determined by the upper and lower tails of
the underlying distribution (Kotz & Nadarajah, 2000). This theory of extreme values has
been commonly used in hydrology and climatology and has played an important role in
engineering practice for water resources design and management, specially for the study of
floods and heavy rainfall events (Gumbel, 1958; Kotz & Nadarajah, 2000; Katz et al., 2002;
Gordon et al., 2004). Interestingly, according to Katz et al. (2002), it has been shown that
in some cases heavy-tailed statistics observed in streamflow data come from precipitation
characteristics owing to the physical connection between rainfall and runoff. For this reason
our results might be suggesting that both the data of soil moisture storage change and its
series of anomalies might be inheriting the heavy tail properties from both P and R in most
catchments, as reflected on the time interval between zero crossings. Specifically, for the
series of t0a, this finding might become important recalling that the annual cycles have been
removed and this data allows to study the interannual time scale, where El Niño-Southern
Oscillation (ENSO) is the main modulator of climate variability. Also this finding could be
taken into consideration in climate change studies in which the hydrologic cycle is expected
to intensify as part of the enhanced greenhouse effect on global climate. This is left for
future research.
Now that we have proven that our series of interest (t0 and t0a) can be fitted to theoretical
pdfs, and thus can be considered random variables, our next step is to estimate the first four
statistical moments of these series, that is, the mean (µ), the variance (σ2), the skewness



























Figure 3-6: Probability distribution functions across Amazonia for t0 (left) and t0a (right)
coefficient (γ) and the kurtosis (k). Once more, a regional distribution of the moments will
be explored in Amazonia, as well as their relationship with the drainage area. Our main
goal is to investigate whether these moments vary from catchment to catchment and if they
increase with drainage area.
Figure 3-7 presents the magnitude of the four statistical moments of the random variables
t0 (left) and t0a (right), as well as their spatial distribution across the Amazon River basin.
A clear regional pattern can be observed for the mean time interval between zero crossings
(Fig. 3-7a). This figure shows how µ(t0) ranges from 2 to 3 months in northern Amazonia,
specifically for the northern Solimões and western Negro River basins, where the Colombian
rivers are located. Then, the value of µ(t0) increases southwards and eastwards, reaching
values of up to 6 months in the Tapajós and Xingú river basins. This pattern suggests
that the series of soil moisture storage change in northwestern Amazonia is more variable
compared to southeastern Amazonia, that is, less time passes between a consecutive increase
and release of water soil storage. However, there is a particular catchment located in the
upper Solimões river basin with a contrasting behavior and which exhibits the highest mean
t0 (11.3 months). This catchment, called Borja, is located up in the mountain range with
a mean elevation of 2 145 m.a.s.l. Recalling Espinoza et al. (2009) the behaviour of Borja
could be explained by its location in the Andes where the hydrology is very complex. In
opposition to Figure 3-7a, Fig. 3-7b does not exhibit any regional pattern. Also, it can be
seen that when the series of anomalies of dS(t)/dt is studied, the mean value between zero
crossings decreases for all catchments and is more homogeneous across the Amazon River











































































































Figure 3-7: Spatial distribution of the statistical moments for t0 (left) and t0a (right)
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basin, varying from 1.8 to 3 months. Figures 3-7c and d, show the spatial distribution
and magnitude of the variance of t0 and t0a respectively. These two figures show the same
homogeneous pattern across the basin although the magnitudes in both maps are different.
As expected, the variance is reduced for the series of anomalies. Once more, Fig. 3-7c shows
that Borja exhibits the highest variance among all catchments, with σ2 = 437 months2.
Figures 3-7e and f, present the results for the third statistical moment of t0 and t0a, that is
skewness (γ). Skewness can be interpreted as a measure of the symmetry of the distribution
of a random variable (Machiwal & Jha, 2012). At first glance, Fig. 3-7e appears to have
a defined spatial pattern similar to the one depicted in Fig. 3-7a, with γ decreasing to the
southeast. Nevertheless this result should be analyzed with caution, given the differences
in the probability distributions with positive or negative skewness. According to Machiwal
& Jha (2012) most hydrological data such as rainfall and streamflows often have positive
skewness. However, 35 out of 115 catchments, all located in southeastern Amazonia, exhib-
ited negative skewness. Their values of γ suggest that they have asymmetrical distributions
with long tails to the left, that is, with most values concentrated on the right of the mean,
with extreme values to the left. In addition, 33 catchments have values of −0.5 < γ < 0.5
and thus their probability function can be considered almost symmetrical around the mean.
Lastly, 47 catchments have values of 0.5 < γ < 5.79 and thus their pdfs apparently have
long tails (extreme values) to the right. Fig. 3-7f shows no clear regional patterns for the
value γ of t0a but what can be seen is that negative values of γ no longer exist and most of
them are within the range 0.86 < γ < 1.70. Finally Fig. 3-7g and h present result for the
excess kurtosis (Ek). In statistics, kurtosis (k) is often used as an indicator of how “flat”
or “pointy” the distribution is, while excess kurtosis (Ek) is kurtosis relative to the Normal
distribution, for which k = 3 (Machiwal & Jha, 2012). Neither Fig. 3-7g or h presents a
regional distribution of the values of Ek for t0 or t0a. Also, results show that for 42 out of
the 115 catchments, excess kurtosis is negative (Ek < −0.5). This means that their pdfs
have a lower, wider peak around the mean, which translates into a higher probability than
a normally distributed random variable to have values around the mean. In addition these
catchments appear to have thinner tails, i.e, lower probability than a normally distributed
variable of extreme events (Machiwal & Jha, 2012). As shown in Fig. 3-7g, most of these
are all located in the lower Solimões River basin, eastern Negro river basin and Purus River
basin. Fewer catchments (24/115) have kurtosis values similar to those of a normally dis-
tributed data set. Finally, 49 catchments exhibit positive Ek values, that is fatter tails,
which points out that extreme values are more frequent compared to a normal distribution
(Machiwal & Jha, 2012). Once more, similar to Fig. 3-7f, Fig. 3-7h also does not present a
clear spatial distribution and negative values of Ek have disappeared. In general, although
both the meaning and the values of the variance, skewness and kurtosis are different, it can
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be seen that Fig. 3-7d, f and h have almost the same spatial distribution, with no clear
pattern. In addition, results for skewness and excess kurtosis taken together, confirm what
was pointed out before (Fig. 3-6), that is, that most series of the time interval between zero
crossings in Amazonia cannot be modeled by means of a normal distribution.
With the assumption that bigger river basins may have a higher regulation capacity that
contributes to a longer persistence (memory) of their hydrological processes, while small
basins are subjected to more variability, our next goal was to test for a possible existent
relationship between the previously studied statistical moments (Fig. 3-7) and the drainage
area (A) of the catchments. So far, our results have shown that Amazonia exhibits a great
hydrologic variability, both temporal and spatial. For this reason, catchments were clustered
and analyzed within the main 6 river basins presented in Fig. 3-2: Solimões, Negro, Purus,
Madeira, Tapajós and Xingú. Figures 3-8 and 3-9 show the relationship between µ(t0) vs.
A and µ(t0a) vs. A, while Fig. 3-10 and 3-11 show the corresponding results for σ
2(t0)
vs. A and σ2(t0a) vs. A. These analyses were also carried out for the other two moments,


















































































































































Figure 3-8: Relationship between µ(t0) vs. A, for the six major river basins in Amazonia
In all of these figures, blue dots represent actual data, while the red dashed line depicts a
fitted line estimated using a power law relationship. Other equations, such as linear and




















































































































































































































































































































Figure 3-10: Relationship between σ2(t0) vs. A, for the six major river basins in Amazonia
logarithm regressions were tested but the power law was chosen because it yielded better re-
sults for most catchments. Both Fig. 3-8 and 3-9 show how the mean time interval between
zero crossing seems to increase with drainage area. This means that in bigger catchments









































































































































































Figure 3-11: Relationship between σ2(t0a) vs. A, for the six major river basins in Amazonia
more time passes on average between the storage and release of soil moisture. Also com-
paring the results for t0 and t0a, it was found that for Tapajós, Xingú and Purus the fit
is better for µ(t0) than for µ(t0a). On the other hand, for Madeira, Solimões and Negro,
results were found to be better for µ(t0a). Considering that the difference between t0 and
t0a is that for the latter the annual cycle has been removed, this result might suggest that
the mean value of the time interval between zero crossings is sensitive to the annual cycle
in some catchments, while for the others it could be more related to interannual variability.
In particular, and considering that ENSO dominates the interannual climate variability, this
results could be related to studies which have shown that northern Amazonia is sensitive to
the presence of circulation anomalies associated with strong El Niño or La Niña events, and
this signal decreases towards the west and the south of the basin (Espinoza et al., 2009).
Nevertheless, only statistical significant results were obtained for Tapajós and Xingú (Fig. 3-
8) and for Madeira and Tapajós (Fig. 3-8). Results in Fig. 3-10 and 3-11 show how the
variance of the time interval between zero crossings seems to decrease with drainage area,
which is consistent with the results found for µ. That is, that larger catchments seem to
experience less variability in their processes than smaller catchments. However, results are
not so convincing, given the coefficient of determination of the power law fit (R2). Only
for Xingú (Fig. 3-10 ) and for Tapajós (Fig. 3-10 and 3-11 ) results can be considered
statistically significant. Also it was noted that for all catchments, except for Purus and
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Xingú, the R2 increased for σ2(t0a). This could mean that the the variability of the time
interval between zero crossings can be best modeled when the annual cycle has been removed.
Since results of the variability of the statistical moments with the drainage area did not let
us reach strong conclusions regarding the memory (persistence) of the studied process, our
next attempt was to test the scale of fluctuation (θ). This parameter has been considered key
in determining the optimal time interval required to obtain stable estimates of the mean of
fluctuating quantities, such as velocities and pressures in turbulent fluids (Taylor, 1921; Mesa
& Poveda, 1993; Vanmarcke, 1988). It has also been used to estimate the optimal sampling
interval of random signals, to predict hydrological variables and to test the existence of Hurst
phenomena (Mesa & Poveda, 1993; Poveda, 2011). In this study we will estimate the scale






where k denotes the number of lags of the autocorrelation function. For discrete time series,
Eq.3-6 can be transformed into:





As recommended by Vanmarcke (1988), the number of lags of the autocorrelation function
should not exceed a number equivalent to a quarter of the total number of data (N).
Results for the scale of fluctuation for the time interval between zero crossings (θ(t0)) are
presented in Fig.3-12. This figure shows how θ seems to increase with drainage area, which
partly confirms our hypothesis that, within a river basin, as the drainage area increases, the
ability to regulate hydrological processes is higher and this is reflected as an increase in θ.
However, results are only statistically significant for Tapajós and Xingú. Analyses were also
carried out for t0a, however, results were not statistically significant in any of the catchments,
which suggests that the persistence, in terms of θ, is lost when the annual cycle is filtered out.
Recalling the results for µ(t0), σ
2(t0) and θ(t0) for the only river basins with statistically
significant results, Tapajós and Xingú, several things can be noted. First, for all of these
analyses, the scaling exponent of the fitted relationships (Fig. 3-8, 3-10 and 3-12) is similar





























































































































































Figure 3-12: Relationship between θ(t0) vs. A, for the six major river basins in Amazonia
for these two. Also both catchments are located in southeastern Amazonia and are known to
be more subjected to anthropogenic changes than other regions (Alves et al., 2009). Finally,
both river basins have the smallest areas within the six major river basins. These findings
deserve further studies, including perhaps disaggregating the major river basins into smallest
areas and repeating the calculations. This idea is mainly motivated by the results for the
Negro river basin, which through the paper has shown a very distinctive behavior between
its east and west branches, that is, between the area corresponding to the Negro River and
the area corresponding to the Branco River (Fig. 3-3, 3-4 and 3-7). This will be explored
in the future.
3.4 Summary and Conclusions
This work has dealt with the spatial and temporal variability of the Amazon River basin
from the perspective of hydrologic regime curves, the water balance equation, the dynamics
of soil moisture storage change and hydrologic persistence, supported by the crossing theory.
This was carried out using independent datasets of precipitation (P ), runoff (R), actual
evpapotanspiration (E) and potential evapotranspiration (Ep).
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We have explored the joint annual cycles of P and Ep and their implications for the parti-
tioning of water into E and R. As a result, a classification system has been designed and
a total of six groups of catchments with a very distinctive regional distribution have been
identified across the Amazon River basin. This classification system reflects the dominance
of either water or energy availability which in turn could be associated with ecologic and
physiographic characteristics of each region. In general, and as has been pointed out in pre-
vious studies (Marengo, 2004, 2005; Espinoza et al., 2009), a contrasting behavior between
northern and southern Amazonia has been observed. In addition the most variability has
been identified in northern catchments, close to the Equator such as the Solimões and the
Negro River basins.
Taking into account that the Amazon River basin is not hydrologically homogeneous, the
water year for each one of the 115 sub-catchments has been identified following McMahon
& Mein (1986). Results have revealed a spatial distribution that coincides with the previous
finding for the regime curves. These regional patterns are consistent with the macroclimatic
phenomena at the annual scale such as the migration of the ITZC, the interaction with
the Andes mountain range and moisture advection from the Atlantic and Pacific Oceans
(Marengo, 2004, 2005; Espinoza et al., 2009; Yoon & Zeng, 2010).
The closure of the long-term water balance has also been tested in Amazonia, considering a
time horizon of 26 years. Results have shown that even though for the furthermost gauging
station (Óbidos) the water balance can be considered in a steady state condition, the same
cannot be said at the sub-catchment scale. This could be explained because of the differ-
ences and/or possible errors in the datasets but also, because there might be other sources
of available water that are not being taken into consideration, such as water that can be
stored in soils and vegetation. In particular, the most unbalanced catchments (with deficits
or surpluses of up to 800 mm/yr), have been found in northwestern Amazonia, close to the
Andes Mountain range.
Subsequently, a monthly time series of the soil moisture storage change (dS(t)/dt) and its
series of anomalies (dS(t)/dta) were calculated for each sub-catchment. These series have
been explored using the crossing theory and statistical analysis, with emphasis on the time
interval between zero crossings (t0 and t0a). In this context, a zero crossing denotes either
and increase or a release of water storage. Results have shown that most series of the time
interval between zero crossings can be fitted to probability distribution functions (pdfs) that
belong to the family of the Extreme Value distribution. This suggests that these series have
heavy tails associated with maximum and minimum values, which is common in hydrologic
3.4 Summary and Conclusions 55
time series. According to Katz et al. (2002), heavy-tailed statistics observed in streamflows
are inherited from precipitation, and our findings might be pointing out that these proper-
ties are also being passed on to soil moisture storage changes. However this deserves further
analysis. Specifically, for the series of t0a, this finding might become important since it re-
flects interannual variability, where ENSO is the main modulator of climate. Also this could
be taken into consideration in climate change studies in which extremes (maximums and
minimums) are expected to become stronger and more frequent.
The first four statistical moments of the random variables t0 and t0a have also been stud-
ied. Regarding the expected value (µ) of t0, a clear regional pattern has been found, with
values varying from 2-3 months in northwestern Amazonia (northern Solimões and western
Negro River basins) to up to 6 months in the southeastern region (Tapajós and Xingú).
This pattern suggests that soil moisture changes in northwestern Amazonia are more vari-
able compared to southeastern Amazonia, that is, less time passes between a consecutive
increase and release of water soil storage. As expected, results for second moment show that
the variance (σ2) is reduced when the series of anomalies is studied. The third moment, γ,
reveals that for most northwestern Amazonia minimum values of t0 have higher probability
of occurrence while in the southeastern region maximum values are more likely to occur.
Results for skewness and excess kurtosis taken together, confirm that most series of the
time interval between zero crossings in Amazonia cannot be modeled by means of a Normal
distribution.
The mean, variance, skewness, kurtosis and scale of fluctuation of t0 and t0a have also been
used to explore hydrological persistence. Specifically, the relationship between these quanti-
ties with drainage area (A) has been studied by clustering sub-catchments within the 6 major
river basins (Solimões, Negro, Madeira, Purus, Tapajós and Xingú). In general, results show
that while the scale of fluctuation and mean time interval between zero crossings seem to
increase with A, the variance seems to decrease. No conclusions could be reached for skew-
ness and kurtosis. It was also found that for Tapajós, Xingú and Purus the mean and the
variance of the time interval between zero crossings is more related to the annual cycle, while
for Madeira, Solimões and Negro it could be more related to interannual variability. This
finding is concomitant with studies that have shown northern Amazonia is sensitive to the
presence of circulation anomalies associated with strong El Niño or La Niña events, and this
signal decreases towards the west and the south of the basin (Espinoza et al., 2009). Taken
together, these results confirm our hypothesis that within a river basin, as the drainage area
increases, the ability to regulate hydrological processes is higher. Nevertheless, it should be
recalled that only statistically significant results have been obtained for Tapajós and Xingú.
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These two catchments have several features in common, which can give us hints to explain
the results. First, both Tapajós and Xingú have the smallest drainage areas within the group
of the 6 major river basins. In addition they are located in southeastern Amazonia, a region
which has been known to be more subjected to anthropogenic changes (Alves et al., 2009).
For this reason, these findings deserve further studies, which could include disaggregating
the major river basins into smallest areas and repeating the calculations.
Temporal persistence of hydrological processes should continue to be a topic of ongoing re-
search. However, it should be remembered that the scale of fluctuation is a measure of linear
dependency, and therefore, although the studied series are within the same spatial region
(river basins), hydro-climatological processes are highly nonlinear and non-stationary, par-
ticularly in the context of climate change. For this reason, other procedures such as the
periodic persistence parameter, should be explored in the future (Troutman, 1978).
Ultimately, this study has improved on the understanding of the hydrologic variability within
the Amazon River basin and its sub-catchments, and the need of acknowledging that indeed
Amazonia is not homogeneous. Particularly, regions with the most variability have been
identified from different hydrological perspectives, i.e regime curves, water years, dynamics
of soil moisture storage. Thus, attention should be paid when selecting an appropriate spatial
scale for subsequent analyses of hydrological variables in the Amazon River basin.
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Abstract: This paper studies a 3-D generalization of Budyko’s framework designed to
capture the mutual interdependence among long-term mean actual evapotranspiration (E),
potential evapotranspiration (Ep) and precipitation (P ). For this purpose we use three di-
mensionless and dependent quantities: Ψ = E/P , Φ = Ep/P and Ω = E/Ep. This 3-D
space and its 2-D projections provide an interesting setting to test the physical soundness of
Budyko’s hypothesis. We demonstrate analytically that Budyko-type equations are unable
to capture the physical limit of the relation between Ω and Φ in humid environments, owing
to the unfeasibility of Ep/P = 0 when E/Ep → 1. Using data from 146 sub-catchments in
the Amazon River basin we overcome this inconsistency by proposing a physically consis-
tent power law: Ψ = kΦe, with k = 0.66, and e = 0.83 (R2 = 0.93). This power law is
compared with two other Budyko-type equations. Taking into account the goodness of fits
and the ability to comply with the physical limits of the 3-D space, our results show that
the power law is better suited to model the coupled water and energy balances within the
Amazon River basin. Moreover, k is found to be related to the partitioning of energy via
evapotranspiration in terms of Ω. This suggests that our power law implicitly incorporates
the complementary relationship of evapotranspiration into the Budyko curve, which is a
consequence of the dependent nature of the studied variables within our 3-D space. This
scaling approach is also consistent with the asymmetrical nature of the complementary re-
lationship of evapotranspiration. Looking for a physical explanation for the parameters k
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and e, the interannual variability of individual catchments is studied. Evidence of space-time
symmetry in Amazonia emerges, since both between-catchment and between-year variability
follow the same Budyko curves. Finally, signs of co-evolution of catchments are explored by
linking spatial patterns of the power law parameters with fundamental characteristics of the
Amazon River basin. In general, k and e are found to be related to vegetation, topography
and water in soils.
4.1 Introduction
The pioneering work of Budyko (1974) introduced a theoretical framework to link the long-
term average water and energy balances in a river basin considering the dominant controls
on actual evapotranspiration (E), assuming that the water balance is mostly governed by
water availability (precipitation, P ) and energy availability (represented for convenience by
potential evapotranspiration, Ep). According to Budyko, mean annual E approaches mean
annual P as the climate becomes drier, provided that water storage change in the catchment
is negligible. Such water and energy coupling is represented in a bi-dimensional space relating
two non-dimensional variables, the evapotranspiration ratio (E/P ), and the aridity index









The ratio E/P can be considered a measure of the long-term mean annual water balance in a
catchment, since it is the fraction of the water falling as precipitation that is partitioned into
evapotranspiration. On the other hand, Ep/P is a measure of the long-term mean climate
being a ratio of energy availability (Ep) to water availability (P ). Small values of Ep/P
(Ep/P < 1) are associated with humid catchments where precipitation is significant and the
energy supply is the limiting factor for evapotranspiration. Conversely, large values of Ep/P
(Ep/P > 1) are found in arid regions where precipitation is low and evapotranspiration is
limited by water supply. Budyko (1958, 1974) carried out an empirical analysis of long-
term mean annual water balances in a large number of environments around the world and
demonstrated that the water balance of catchments in different climatic regions provided a
nice fit to the curve presented in Fig. 4-1 (called the Budyko curve), bounded by the relevant
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Figure 4-1: Budyko Curve relating the evapotranspiration ratio (E/P ) to the aridity index
(Ep/P ), and their limits for wet (energy-limited) and dry environments (water-
limited)
Budyko proposed an equation to model the mean annual water balance (Eq. 4-1, and Fig. 4-
1) building on two equations previously formulated by Schreiber (1904) and Ol’Dekop (1911).
The formulation proposed by Schreiber (1904) implied that the evaporation ratio asymp-
totically approached unity (E/P → 1) for large values of the aridity index, given that
in extremely arid regions all precipitation is essentially converted into evapotranspiration
(E = P ). In other words, in arid regions, available energy greatly exceeds the amount
required to evaporate the entire annual precipitation, P , and annual E approaches an-
nual P , whereas in humid regions available energy, Ep, is only a fraction of the amount
required to evaporate the annual precipitation, P , and thus annual E approaches annual
Ep. Ol’Dekop (1911) developed a similar relationship albeit using a hyperbolic tangent
relationship. Budyko found that Schreiber’s equation underestimated evapotranspiration
while Ol’dekop’s equation overestimated it, and thus he set forth a new equation using the
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which satisfies the previously discussed limits (Eq.4-2). Diverse authors have derived equa-
tions to further develop Budyko’s framework (Mezentsev, 1955; Pike, 1964; Fu, 1981; Choud-
hury, 1999; Yang et al., 2008; Zhou et al., 2015). In particular, Yang et al. (2008) demon-
strated analytically that there is a unique solution for the set of partial differential equations
representing the coupled water and energy balances in catchments, which in terms of the














where n is a parameter that captures the combined effects of river basin and vegetation
characteristics.
The coupled water and energy balance framework postulated by Budyko (1958, 1974) has
provided a rich setting to address fundamental questions in hydrology such as water availabil-
ity, and water resources management and streamflow prediction in ungauged basins (Arora,
2002; Ma et al., 2008; Zhang et al., 2008; Renner & Bernhofer, 2011; Renner et al., 2011;
Roderick & Farquhar, 2011; Wang & Hejazi, 2011; Blöschl et al., 2013; Greve et al., 2015).
In particular, it has been used at various spatial and temporal scales to perform diagnos-
tic analyses of the long-term mean annual water balances in catchments and to study the
interactions between hydro-climate, soil, vegetation and topography and their role in water
balance variability (Milly, 1994; Zhang et al., 2001; Yang et al., 2007; Donohue et al., 2007).
Nevertheless, all of these studies have focused on the bi-dimensional approach of the Budyko
hypothesis, assuming that E, P and Ep (but mostly P and Ep) are independent on each
other. Such an assumption is surprising, given the well-known complementary relationship
of evapotranspiration (Bouchet, 1963; Morton, 1983; Hobbins et al., 2001; Xu & Singh, 2005;
Szilagyi & Jozsa, 2009; Han et al., 2014; Lintner et al., 2015), and the important role of evap-
otranspiration to the recycling of precipitation (Shuttleworth, 1988; Eltahir & Bras, 1994;
Dominguez et al., 2006; Zemp et al., 2014).
This paper presents a 3-D generalization of the Budyko hypothesis, intended to capture the
mutual interdependence among E, Ep, and P by involving the complementary relationship
of evapotranspiration. We achieve this by studying a three parameter space defined by three
dimensionless and dependent quantities: Φ = Ep/P , Ψ = E/P , and Ω = E/Ep. Towards
that aim the paper is organized as follows: Section 2 provides the methods used for this study
including the justification for the 3-D generalization of Budyko’s framework. This general-
ization is interpreted from the perspective of the complementary relationship and reveals a
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physical inconsistency implied in Budyko’s framework for humid environments. Datasets in
which our methods are applied are also described in Section 2, namely agro-climatic stations
around the world and catchments in the continental United States of America, China and
Amazonia. We focus our research on the Amazon River basin as a case study recognizing
the need to further test the validity of the Budyko framework and the complementary rela-
tionship in humid environments. Application to the Amazon is also motivated by it being
the largest river basin in the world, by its tropical location, and by the mostly undisturbed
condition of its natural vegetation. The results of the analyses and their discussion are pre-
sented in Section 3. Finally, Section 4 presents the main conclusions drawn from the study.
4.2 Methods and Data
4.2.1 Rationale for a 3-D generalization of the Budyko hypothesis
Motivated by Budyko’s coupling between water and energy balances and considering the
mutual inter-dependence between E, Ep and P , we propose to study a 3-D space defined by
three dimensionless parameters: Φ = Ep/P , Ψ = E/P , and Ω = E/Ep. Recall that Φ and Ψ
are, respectively, the aridity index, and the evapotranspiration ratio. In turn, Ω denotes the
partitioning of energy via evapotranspiration, understanding potential evapotranspiration
as the physical upper limit for E (Thornthwaite, 1948). Thus, Ω is introduced in the 3-D
space to capture the complementary relationship existing between E and Ep. Briefly, this
approach combines the water balance from Budyko’s perspective with the energy balance
from the perspective of the complementary relationship of evapotranspiration, as has also
been done before by Yang et al. (2006) and Lintner et al. (2015).
The complementary relationship of evapotranspiration
A strong body of literature has been dedicated to study the relationship between E and
Ep, in particular the complementary relationship hypothesis (Bouchet, 1963; Morton, 1983;
Hobbins et al., 2001; Xu & Singh, 2005; Szilagyi & Jozsa, 2009; Han et al., 2014; Lintner
et al., 2015). Before the study of Bouchet (1963) it was thought that a higher Ep implied a
greater E. He corrected this misconception based on energy balance arguments, demonstrat-
ing that as a surface dries up from initially wet conditions, Ep increases while E decreases as
the available water drops. This can be explained because a decrease in evapotranspiration
from a dry surface will make the overlying air warmer and drier, thus increasing available
energy and producing a compensatory increase in Ep. On the other hand, an increase in
P increases the availability of surface water and thus E increases. Since E is a cooling
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process it causes the surrounding air to cool and to become wetter and consequently this
produces a decrease in Ep. Finally, if the surface is sufficiently moist E = Ep. This is known
as the complementary relationship of evapotranspiration. Mathematically, the complemen-
tary relationship is often assessed as those changes in E given changes in Ep (∂E/∂Ep).
Bouchet (1963) proposed that such relation is inverse and symmetrical for dry environments
∂E/∂Ep = 1, whereas ∂E/∂Ep = 0, for very humid environments, but it has been shown
that such relation is not perfectly symmetrical (Granger, 1989; Kahler & Brutsaert, 2006;
Szilagyi, 2007; Lintner et al., 2015).
A physical inconsistency of Budyko-type equations
The proposed 3-D space and its 2-D projections (Ψ vs. Φ, Ψ vs. Ω and Φ vs. Ω) provide
an interesting setting to test for the physical soundness of Budyko’s hypothesis. In terms








Ψ = (1 + Φ−n)−1/n (4-6)

















The same result is obtained if instead of Eq. 4-6 we use Eq. 4-5 or even the equation proposed
by Fu (1981). Thus, traditional Budyko-type equations require that for humid environments,
when Ω → 1, Φ = 0. This theoretical prediction of Budyko’s framework entails a physical
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inconsistency in the relationship between Ω = E/Ep and Φ = Ep/P , that is, in the rela-
tionship between the partitioning of energy and the aridity index. Budyko-type equations
(Eq. 4-7) suggest two possibilities for the case of Φ = Ep/P = 0: (i) that Ep can be zero
(negligible atmospheric demand), or (ii) that P approaches infinity. However, even in the
most humid regions of the world (i.e Lloró, Colombia or Cherrapunji, India) there is always a
potential for evapotranspiration, and even though rainfall is very high (up to 12,000-13,000
mm/yr) it is never infinite. We consider this to be a physical inconsistency of Budyko’s
theoretical framework for humid environments. Therefore, a different approach is in order:
this provides the main motivation for this study.
4.2.2 Data sets
Data used for this study consisted of 3,123 agro-climatic stations from the CLIMWAT 2.0
database, a joint product of the Water Development and Management Unit and the Cli-
mate Change and Bioenergy Unit of the Food and Agriculture Organization of the United
Nations (FAO). CLIMWAT 2.0 includes meteorological data from 144 countries providing
long-term monthly mean values of seven climatic parameters, including: maximum and
minimum temperature, monthly rainfall and potential evapotranspiration. All variables are
direct observations or conversions of observations, except for Ep which is calculated using the
Penman-Monteith equation (Monteith, 1965). The CLIMWAT 2.0 database can be freely
downloaded from: http : //www.fao.org/nr/water/inforesdatabasesclimwat.html. Long-
term mean actual evapotranspiration (E) was calculated by means of Turc’s equation (Turc,
1954), which requires information on mean annual precipitation and temperature. E was
also calculated using Budyko’s (Eq. 4-3) with data and estimates of mean annual P and Ep.
Furthermore, information from 419 catchments in the continental United States belonging
to the MOPEX dataset (Duan et al., 2006) and from 108 catchments in China (Yang et al.,
2007) are also included in our analysis. The MOPEX dataset contains daily time series of
hydrologic data, with P processed by the Hydrology Laboratory of the National Weather
Service (NWS) and Ep based on the National Oceanic and Atmospheric Administration
(NOAA) Evaporation Atlas (Farnsworth et al., 1982). On the other hand, the Chinese
dataset provides information of P and Ep (calculated with the Penman equation (Penman,
1948) in catchments with relatively little human interference in the form of dams and irri-
gation projects. For both datasets E was first calculated by means of the long-term water
balance equation using information of long-term precipitation and river runoff (E = P −Q),
and also using Budyko’s equation (Eq. 4-3). In terms of the aridity index (Φ), the MOPEX
river basins span a wide range of climates with values of Φ from 0.27 to 4.97 while the
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Chinese river basins are all arid (Φ > 1).
To represent hydrologic characteristics in humid environments we used data from 146 catch-
ments in the Amazon River basin. For this purpose information of P and E was obtained
from the AMAZALERT project in Amazonia (http : //www.eu − amazalert.org/home).
Specifically P was obtained from the Observation Service SO-HYBAM (formerly Envi-
ronmental Research Observatory ORE-HYBAM) dataset available at http : //www.ore −
hybam.org/. Information on precipitation in the Amazon River basin was also available
from the Tropical Rainfall Measuring Mission (TRMM) but data from HYBAM was cho-
sen because of the need for a longer dataset. It is important to emphasize that for these
catchments E was not estimated via the long-term water balance equation but from an
independent dataset compiled by the Max Plank Institute (MPI) using a global monitor-
ing network with meteorological and remote sensing observations (Jung et al., 2010). Ep
was calculated using the Hargreaves equation (Hargreaves et al., 1985) following Trabucco
& Zomer (2009) and Vallejo-Bernal et al. (in preparation), who showed that for South
America, particularly for the Amazon River basin, this model based on temperature and
extra-terrestrial radiation is one of the most appropriate methods to estimate Ep. For the
Amazon River basin P , E and Ep were available on a monthly scale (mm/month) covering
27 years (1982-2007) of information for all the catchments. Figure 4-2 shows the location of
the study area and the gauging stations defining the set of 146 sub-catchments.
4.3 Results and Discussion
4.3.1 The 3-D view of Budyko’s framework and its 2-D projections
Figure 4-3 shows our 3-D space (Φ−Ω−Ψ) within Budyko’s framework for the FAO agro-
climatic stations (Fig. 4-3 left) and catchments in the United States and China (Fig. 4-3
right). Red dotes represent observed data with E calculated with Turc’s equation or the
water balance equation, respectively. In both cases, despite the scatter observed in the plots,
it can be seen that there is a surface that captures the data sets within the proposed 3-D
parameter space, which was obtained by estimating E using Budyko’s equation (Eq. 4-3).
Grey lines on the faces of the “cubes” represent the 2-D projections of the surface. Taking
into consideration how the three dimensionless variables were defined and that they are not
independent of each other, the equation of the surface (Fig. 4-3) can be easily obtained as:
Ψ = ΦΩ. Figure 4-3 also shows that red dots are limited to specific parts of the surface.
This means that although this surface comes from a valid mathematical equation it does not















Figure 4-2: Location of the study area and the 146 sub-catchments in the Amazon River Basin
necessarily mean that all parts of the surface are physically feasible in nature. For example,
there are no environments with low Ω and low Φ at the same time or environments with low
Ψ and high Φ simultaneously. This leads us to further explore the bi-dimensional projections
of our 3-D space.
Figure 4-4 shows the three bi-dimensional projections of the proposed 3-D space: Ψ vs. Φ,
Ψ vs. Ω and Φ vs. Ω. Blue dots denote actual data for the FAO agro-climatic stations (pan-
els A, B and C) and for the US-China catchments (panels D, E, F). Thick black lines and
dashed black lines represent the Budyko curves (and their corresponding projections on the
bi-dimensional spaces of our 3-D approach) using Eq. 4-3 and Eq. 4-4 with n=2, respectively.
Panels A and D (Fig. 4-4) present the relationship Ψ vs. Φ (traditional Budyko approach).
On these panels, the Budyko curve has two physically consistent limits denoting energy-
limited and water-limited evapotranspiration (Eq. 4-2). Despite the observed scatter, which
could be explained by other factors affecting E such as soils, vegetation and topography,
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Figure 4-3: 3-D space for the FAO agro-climatic stations (left) and catchments in the U.S. and
China (right). Grey lines represent the 2-D projections of the blue surface estimated
with E calculated using Eq.4-3
amongst others, (Milly, 1994; Zhang et al., 2001; Yang et al., 2007; Donohue et al., 2007),
data from agro-climatic stations (Panel A) and from catchments (Panel D) follow the Budyko
curve. Panels B and E, illustrate the relationship Ψ vs. Ω in which the Budyko curve also has
two physically consistent limits. The first limit is a vertical line at Ω = 1, because physically
E can never exceed Ep. Thus, Ω = 1 corresponds to very humid environments where precip-
itation is large, there is no water limitation and E = Ep. The second physical limit in Panels
B and E (Fig. 4-4) is a horizontal line at Ψ = 1, where E = P , since in the long-term time
scale, E should not exceed P . In summary, in arid regions Ψ is large (with a maximum value
at Ψ = 1) and Ω is small, whereas in humid regions Ω is large (with a maximum value at
Ω = 1) and Ψ is low. Panels C and F (Fig. 4-4) show the relationship between the remaining
dimensionless variables, Φ and Ω, which were related previously using Eq. 4-7 and for which
the physical inconsistency was found. This relationship has one physical limit at Ω = 1,
for very humid regions where E = Ep. It was demonstrated mathematically that Eq. 4-7
requires that Φ = 0 when Ω → 1, as revealed by both theoretical black curves in Panels C
and F. However, actual data never reach zero at Ω = 1, confirming what was evidenced in
Sect. 2.1.2. Given this physical inconsistency, found particularly in wet environments, we
propose a new way to address the Budyko hypothesis in humid regions such as the Amazon
River Basin, as explained next.
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Figure 4-4: Bi-dimensional projections of the 3-D space for the FAO agro-climatic stations (Pan-
els A, B and C) and for catchments in US and China (Panels D, E and F).
4.3.2 A scaling approach to Budyko’s framework in humid
environments
For many years power laws have been popular in the geosciences, mainly because of their
simplicity, unique mathematical properties and because of the surprisingly physical mech-
anisms they represent (Parzen, 1999). Many hydrological, climatic, ecological processes,
among others, exhibit emergent patterns that manifest as power laws (Gupta & Dawdy,
1995; Rodŕıguez-Iturbe & Rinaldo, 1997; Sposito, 1998; Turcotte, 1997; Brown et al., 2002),
which reveal certain types of universalities emerging from the complexity of nature (Brown
et al., 2002). By fitting empirical relationships using power laws, one assumes that the sys-
tem is essentially self-similar or fractal (Mandelbrot, 1983), which suggests that the main
characteristics of the system exhibit an invariant organization that remains the same over a
wide range of scales.
With the purpose of overcoming the physical inconsistency of Budyko’s framework for the
relationship between Φ vs. Ω in humid environments, we study the proposed 3-D Budyko
space (and its bi-dimensional projections) using data from 146 catchments in the Amazon
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River basin, with values of Φ ranging from 0.43 to 1.55. Considering the behavior of the
data and bearing in mind all the physical limits of the Budyko hypothesis, we suggest the
following power law to represent the Budyko curve for the studied catchments:
Ψ = kΦe (4-9)
Using a nonlinear least squares regression algorithm with confidence bounds set at a 95%
confidence level, the coefficient and scaling exponent were estimated as k = 0.66 and e = 0.83
(R2 = 0.93), respectively. Since our interest is to capture the behavior of the data in humid
environments in the best way possible, we compared the performance of Eq. 4-9 with two
other approaches. First, we used Eq. 4-6) (Yang et al., 2008) to model the data in the
Amazon River basin. However, instead of assuming n = 2, we used the same nonlinear least
squares regression algorithm and obtained the best value of n for this dataset which turned
out to be n = 1.58 (R2 = 0.85). Then, we followed the study by Cheng et al. (2011) who
justified the use of linear relationships to address the Budyko hypothesis. For this approach
we fitted the data to a linear relationship Ψ = aΦ + b (R2 = 0.91), with a = 0.55 and
b = 0.11. However, it is worth remarking that Cheng et al. (2011) only assessed the inter-
annual variability of the water balance rather than long-term mean values.
Our next step was to test the 3-D generalization of Budyko’s framework in the Amazon
River basin, focusing on its three bi-dimensional projections (Fig. 4-5), with emphasis on
the relationship between Φ and Ω which exhibited the physical inconsistency. Figure 4-5A
shows the traditional Budyko curve for the 146 sub-catchments within the Amazon River
basin (blue dots) and the results of the parameters obtained with Eq. 4-6, 4-9 and the linear
relationship. Figures 4-5B and 4-5C show the remaining bi-dimensional projections of our
3-D space with actual data and the theoretical curves that come from the previously men-
tioned equations. From Fig. 4-5A, 4-5B and 4-5C, and taking into account the goodness
of fit, it can be seen how both the power law and the linear relationship are better suited to
model the data in these humid catchments. Also, both approaches theoretically overcome
the physical inconsistency found for the relationship between Φ and Ω (Fig. 4-5C), since
unlike the thick black line (Yang et al., 2008), the dashed black line (Cheng et al., 2011) and
the thick red line (Power law) do not approach zero as Ω increases. Nevertheless, the linear
relationship does not fully comply with the energy limit in the Budyko curve as can be seen
in Fig. 4-5A. In fact, it can be seen that in order to fulfill the energy limit, its intercept
would have to be restricted to b = 0. For these reasons, we conclude that the power law is the
best equation among the three of them to capture the long-term mean coupled water-energy
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balances in Amazonia.
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Figure 4-5: Bi-dimensional projections of the 3-D space for the 146 Amazon River sub-basins.
One of the reasons that explains why both the power law and the linear relationship work
better than traditional Budyko-type equations, which was first pointed out by Cheng et al.
(2011), is that these relationships have two parameters (k, e and a, b), while Eq. 4-6 has
only one (n). Particularly in this case, since we are dealing with humid environments it
also has to do with the way these catchments partition water and energy, in the sense that
for most of these catchments in Amazonia evapotranspiration is energy-limited rather than
water-limited. This observation locates the Amazonian catchments closer to the energy limit
in the Budyko curve (grey dashed line in Fig. 4-5A), along its “linear 1:1” part and this
makes data suitable for a power law.
With these results in mind, several questions arise: how do the parameters change from
catchment to catchment? Are the values of these parameters in the long-term the same as
at the interannual scale? Can any of these parameters be explained by landscape features or
catchment properties? In order to answer these questions our next goal is to study the in-
terannual variability of the coupled water and energy balances in Amazonia. By interannual
variability we mean the year to year variations within each one of the 146 sub-catchments,
as explained in the following section.
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4.3.3 Assessing interannual variability of the coupled water and energy
balances in the Amazon River basin
With 27 years of information for each of the 146 sub-catchments in Amazonia, the interan-
nual variability of the water balance is studied. Once more the three approaches that were
tested before are compared. For this purpose, Eq. 4-6, 4-9 and the linear relationship are
fitted to the data and thus the parameters k, e, a, b and n are obtained for each catchment.
The first question that we will try to answer is whether the values of these parameters in the
long-term are the same as at the interannual scale in order to search for signs of space-time
symmetry of the coupled water and energy balances (Sivapalan et al., 2011; Carmona et al.,
2014; Perdigão & Blöschl, 2014). Later on, signs of catchment co-evolution will be explored
by linking the parameters with characteristic landscape features within the Amazon River
basin.
Space-time symmetry
In hydrology, the term space-time symmetry has been adopted when an equation or model
can be used to depict between-catchment variability of long-term mean annual water balances
and the corresponding between-year variability within individual catchments, thus implying
ergodicity of the hydrological system at the catchment scale (Sivapalan et al., 2011; Carmona
et al., 2014; Perdigão & Blöschl, 2014). Figure 4-6 presents a comparison of the long-term
mean Budyko curve (Fig. 4-6A) and the interannual Budyko curve for the 146 catchments
in Amazonia (Fig. 4-6B), as well as the results of the implementation of Eq. 4-6, 4-9 and
the linear relationship. Each triangle represents one catchment (Fig. 4-6A) and each dot
represents 1 year of the 27 years of data of each catchment (Fig. 4-6B). It should be pointed
out that Fig. 4-5A and Fig. 4-6A are essentially the same; however in Fig. 4-6A catchments
can be distinguished from each other by different colors. In the previous section we described
how we used a nonlinear least squares regression algorithm to obtain the parameters for the
three equations which are shown in Fig. 4-6A. Now, for the case of Fig. 4-6B, the procedure
is the same, although all catchments with their 27 years of data where taken together as if
they were a single dataset. With confidence bounds set a 95% confidence level, the coeffi-
cient and scaling exponent of the power law, the slope and intercept of the linear relationship
and the parameter from Eq. 4-6 were estimated as k = 0.67, e = 0.87, a = 0.59, b = 0.08
and n = 1.64, respectively. These results appear to reveal that there is indeed space-time
symmetry within these 146 catchments in the Amazon River basin, especially for the power
law equation, given that the values of the parameters k and e do not seem to change much.
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Figure 4-6: (A) Between-catchment variability of the long-term mean Budyko Curve and (B)
between-year variability of the Budyko Curve (B). Colors denote different sub-
catchments within Amazonia. The insets show the results of fitting Eq. 4-6, Eq. 4-9
and the linear relationship, with their respective parameters
Moreover, for the case of the power law and the linear relationship, the scatter present in
the interannual variability of the water balance does not seem to affect the goodness of fit,
and actually both coefficients of determination increase (R2 = 0.94 and R2 = 0.92, respec-
tively); nevertheless, bearing in mind the physical limits of the Budyko framework that have
been discussed throughout this paper, it can be seen once more how the linear relationship
does not fully satisfy the energy limit at the interannual scale (Fig. 4-6B). The increase in
the goodness of fit for both equations could be possibly attributed to an increase of data
points and also because in Amazonia, the scatter in the interannual variability is evidenced
somehow parallel to the energy limit, that is, in the direction of the power law and linear
relationships (Fig. 4-6B). In contrast, the scatter present in the year to year variations does
affect the performance of Eq. 4-6, as reflected in a decrease of R2. In fact, in Amazonia,
the interannual variability of the water balance diverges from the traditional Budyko curve
as Φ increases (Fig. 4-6B). This is because while in arid environments moisture available
for E comes mostly from P and E/P → 1 as Ep/P increases; in humid environments there
can be other sources of moisture besides P , such as water stored in soils and vegetation,
which in the Amazon River basin can be significant. This is also the reason why at the
interannual time scale (and at shorter time scales) values of E > P are feasible in humid
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environments (Fig. 4-6B). In addition, the complementary relationship between actual and
potential evapotranspiration becomes relevant, because in environments like the Amazon
River basin, where E is significant, Ep can decrease and thus, even if P diminishes, in these
catchments the aridity index does not increase as much.
The complementary relationship from the perspective of the scaling approach
Yang et al. (2006) use the mathematical derivatives of Budyko-type equations to determine
whether in a catchment changes in E are mostly dominated by changes in P or Ep. For our





































So far, in the analytical deduction of Budyko type equations, P and Ep have been consid-
ered completely independent on each other (Fu, 1981; Yang et al., 2008) and thus the terms
∂P/∂Ep and ∂Ep/∂P have been neglected. As mentioned previously, such an assumption
is no longer valid since both P and Ep are correlated through E via the complementary
relationship of evapotranspiration, as shown in Fig. 4-7 for the 146 sub-catchments of the
Amazon River basin. Figure 4-7A shows between-catchment variability among E and Ep
vs. P , while Fig. 4-7B shows their between-year variability. Triangles and diamonds are
used to denote the relationship between long-term mean E and Ep with respect to P where
each marker represents one catchment, whereas circles and squares are used to depict the
relationship between interannual E and Ep vs. P , where each marker represents one year.
Once more, colors are used to separate catchments. Figure 4-7 reflects another sign of space-
time symmetry within the Amazon River basin, since both interannual variability and the
long-term mean relationship between E and Ep with P exhibit the same pattern: E increases
as P increases while Ep seems to decrease. To quantify the symmetry between both cases,
a linear relationship was fitted to the data. For the case of E, the slope and intercept from
Fig. 4-7A were estimated as 0.04 and 1094 respectively, while from Fig. 4-7B they were
calculated as 0.03 and 1119. For the case of Ep, both slopes were estimated as -0.05 while
the intercepts were 1840 and 1825 respectively. However, in both cases the coefficients of
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determination (R2) were very small and thus these results are not statistically significant.
This means that an equation for the relationship between P and Ep could not be obtained
empirically. This issue requires further studies, and we believe an effort should be made
towards the development of either an empirical or an analytical formulation for the rela-
tionship between P and Ep in humid environments, as they are evidently not independent
(Fig. 4-7). Nevertheless, since this formulation is still not available and in order to compare
our analytical derivatives with those of Yang et al. (2008), in the present study, the terms
∂P/∂Ep and ∂Ep/∂P have not been considered.
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Figure 4-7: (A) Between-catchment complementary relationship and (B) and between-year com-
plementary relationship for the 146 sub-catchments of the Amazon River basin
Figures 4-8A and 4-8B show the theoretical relationships between ∂E/∂Ep and ∂E/∂P
with Ep/P using the differential forms of Eq. 4-6 and 4-9 for different values of the parame-
ters e and n. For the case of the power law the value of k was fixed at k = 0.6. This figure
shows that for small values of Ep/P , the value of ∂E/∂Ep is larger compared to the value of
∂E/∂P which means that in humid catchments changes in E are mostly governed by changes
in Ep rather than in P . Also, it can be seen in Fig. 4-8A how Budyko-type equations sug-
gest that for very humid environments (Ep/P → 0) changes in E are equal to changes in
Ep (∂E/∂Ep = 1), which is not necessarily true (Granger, 1989; Kahler & Brutsaert, 2006;
Szilagyi, 2007; Lintner et al., 2015). However, our scaling approach allows E to change more
than Ep, which is consistent with the asymmetrical nature of the complementary relationship.
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Figure 4-8: Relations between (A) ∂E∂Ep and (B)
∂E
∂P with Ep/P
Between-catchment variability of the parameters at the interannual scale
To explore how the parameters change from catchment to catchment, Eq. 4-6, 4-9 and the
linear relationship were fitted to represent the observed interannual variability and thus
individual values of k, e, a, b and n were obtained for each catchment. Regarding the
goodness of fit (with 95% confidence bounds in all cases) we found that for the power law
the estimated range of the parameters were as follows: 0.52 < k < 0.82 and 0.85 < e < 1.08
with 0.88 < R2 < 0.99. For the linear relationship, 0.51 < a < 0.86, −0.05 < b < 0.12 with
0.87 < R2 < 0.99 and for the Budyko type equation 1.07 < n < 3.54, 0.30 < R2 < 0.88.
Once more the data set is best modelled by either the power law equation or the linear
relationship, which in both cases exhibit higher R2 than Eq. 4-6. Also, results found for
the power law and for the linear relationship are very similar, as can be seen in the values
of both parameters k and a. This happens mainly because: (i) the intercepts of the linear
relationship (b) are close to zero, and (ii) the scaling exponents of the power law (e) are close
to 1. Both characteristics make both equations resemble, and assuming e = 1 and b = 0,
the power law and the linear relationship become the same equation:
Ψ = kΦ−1 = aΦ + 0 ∴ a = k (4-12)
Moreover, in the context of our 3-D approach, since Ψ = E/P and Φ = Ep/P , then mathe-
matically from Eq. 4-12, a = k = Ω = E/Ep. This was tested for the data and is shown in
Fig. 4-9, where k, a and Ω were plotted against each other.
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Figure 4-9: Relationship between k (Eq.4-8), a (linear regression, (Cheng et al., 2011) and Ω
These results indicate that the slope (a) of the linear relationship and the coefficient (k)
of the power law are linked through the way that each catchment partitions its energy via
evapotranspiration. Nonetheless, taking into account the goodness of fit (Fig. 4-9) k is ac-
tually closer related to Ω (R2 = 0.95) than a (R2 = 0.69). This outcome suggests that our
scaling approach (Eq. 4-9) for the Budyko Curve implicitly incorporates the complemen-
tary relationship of evapotranspiration (in terms of Ω) and thus k becomes a sign of energy
limitations in a catchment. This is a consequence of the dependent nature of the studied
variables within our 3-D space but also of the physically mutual interdependence between
E, Ep and P . In particular, in humid environments, under normal circumstances, there is
little water stress. Thus, changes in E are mostly dominated by changes in Ep rather than
changes in P , as evidenced in Fig. 4-8 and as pointed out by Yang et al. (2006); Zeng & Cai
(2015) and Cheng et al. (2011). The latter studied 547 catchments in the continental United
States and noticed that catchments in subtropical and humid regions exhibited larger slopes
and smaller intercepts. They also reformulated the linear relationship to E = aEp + bP
in order to explain physically both parameters, and found that the slope a and intercept
b reflect the variability of E with respect to Ep and P , respectively. Accordingly, in this
study k represents the variability of E due to Ep, which is in agreement with results for the
long-term mean annual E, Ep and P for each catchment, shown in Fig. 4-10. As for the
scaling exponent, it could also be thought of as a measure of the dependence of E on Ep.
The more humid the catchment is, the more likely is e = 1 and thus the more dependent is
E on Ep rather than on P . Figure 4-10A shows the distribution of long-term mean annual
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P in the Amazon River Basin with values ranging from 1179 mm/yr to up to 3735 mm/yr.
A consistent spatial pattern can be found, with the highest precipitation occurring in the
Colombian Amazon (northwestern region) and the lowest precipitation taking place near
Peru (western region), Bolivia (southwestern region) and some parts of Brazil (southeastern
region). This is consistent with macroclimatic factors such as the migration of the Inter-
tropical Convergence Zone (ITZC), and the South Atlantic Convergence Zone (SACZ), land
surface-atmosphere interactions (Poveda & Mesa, 1997) as well as interactions between the
Amazon and the Andes and the Atlantic Ocean (Nobre et al., 2009; Poveda et al., 2006,
2014; Boers et al., 2015). Yet, the most distinctive spatial pattern can be identified in the
regional distribution of Ep (Fig. 4-10C), with the highest values (up to 1885 mm/yr) over
the eastern region of the Amazon River basin, decreasing systematically westwards. Regard-
ing E (Fig. 4-10B) values range from 869 mm/yr up to 1313 mm/yr and although some
regionalization can be observed it is not as clear as with P or Ep. However it should be
noticed that the highest values of E are found not where P is greater but where Ep is greater,
even if values of P are not the highest in that region. In general it can be seen that in the























Figure 4-10: Spatial distribution of the long-term mean annual P , E and Ep across the sub-
catchments of the Amazon River basin
Searching for signs of catchment co-evolution: power law parameters vs. landscape
features
As stated by Troch et al. (2015), catchment co-evolution studies the process of spatial and
temporal interactions between water, energy, landscape properties such as bedrock, soils,
channel networks, sediments and anthropogenic influences that lead to changes of catch-
ment characteristics and responses. In particular, landscape organization determines how
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a catchment filters climate into hydrological response in time. For this reason catchment
co-evolution is not studied in the time domain, but from a spatial perspective (Perdigão
& Blöschl, 2014; Troch et al., 2015). In this study, three landscape features were chosen
based on available information to depict some of the main characteristics of the Amazon
River Basin, including topography, groundwater levels in soils and vegetation. To repre-
sent topography a digital elevation model (DEM) processed by the United States Geological
Survey (USGS) and available at http : //hydrosheds.cr.usgs.gov/index.php was used to
calculate the mean elevation (m.a.s.l) for each sub-catchment in the Amazon River basin,
which ranges from 0 m.a.s.l to 6250 m.a.s.l in the Andes Mountain range. As for groundwa-
ter levels in soils, the climatological mean water table depth simulated by Fan et al. (2013)
was used. This water table depth is a result of the long-term hydrologic balance between
the groundwater recharge and the lateral, geologic, and topographically induced flow below
and parallel to the water table and shows values from 0 m near the bodies of water (rivers
and permanent wetlands) to 818 m up in the Andes. Regarding vegetation, we used the
product 1 km MODIS-based Maximum Green Vegetation Fraction generated by Broxton
et al. (2014) and available at http : //landcover.usgs.gov/greenveg.php. This dataset com-
prises the mean annual maximum green vegetation fraction based on 12 years of information
(2001-2012) based on the MOD13A2 normalized difference vegetation index (NDVI). In the
Amazon River basin values range from 0% (no vegetation cover) to 100 (100% vegetation
cover), but most values range between 80% and 100%.
To determine the possible links between the power law parameters (k and e) and the chosen
landscape features, the Spearman’s rank correlation coefficient (ρ) was used. The Spearman’s
ρ estimates the statistical dependence between two variables and how well their relationship
can be described using a monotonic function, thus it is a measure of nonlinear co-dependence.
If there are no repeated data values, a perfect correlation is obtained when ρ = ±1. The
statistical significance of the results was tested by p-values with significance levels set at 5%
as presented in Fig. 4-11 for k. As remarked by Perdigão & Blöschl (2014), high correlations
indicate that there might be a relationship between climate and landscape, however the lack
of correlations does not necessarily indicate independence.
In this study, the strongest connection appears to be with vegetation and mean elevation
above sea level. Specifically k (ρ = 0.57, Fig. 4-11C) and e (ρ = 0.47) seem to increase with
average maximum green fraction. This result is not surprising, considering that the Ama-
zon River basin is predominantly covered by tropical rainforest, given the relationship that
we found previously between k and Ω and the role of vegetation in evapotranspiration. In
addition, both k (ρ = −0.58, Fig. 4-11A) and e (ρ = −0.28) seem to decrease with mean el-
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Figure 4-11: Parameter k vs landscape features.
evation above sea level. The influence of elevation on evapotranspiration (mainly on Ep) has
been studied previously by Jaramillo (2006) for the Colombian Andes, where a decreasing ex-
ponential relationship between reference evapotranspiration and elevation for the Cauca and
Magdalena river basins was found. Moreover, the inverse relationship between elevation and
Ep could be due to the way Ep was estimated, given that Hargreaves et al. (1985) equation is
temperature-based and temperature decreases as elevation increases. Results also show that
k (ρ = −0.42, Fig. 4-11B) and e (ρ = −0.30) appear to decrease with water table depth
which is also connected to elevation above sea level. Water table depths are larger in the
mountains and shallower at lower elevations. Correlations between the other parameters (a,
b and n) were also carried out for comparison purposes. The slope of the linear relationship
(a) exhibited similar results as k, while the intercept (b) exhibited similar results as e, but in
general k and e showed stronger connections to landscape features than a and b. As for the
parameter n, none of the landscape features shows any statistically significant ρ. Thus, even
though we are aware that our power law is an empirical relationship, landscape features and
catchment characteristics are somehow embedded in the values of the associated parameters.
An alternative equation for evapotranspiration
Our results show that among the three tested equations the best equation to represent data
from the Amazon River basin is the power law (Eq. 4-9), not only from the perspective
of Budyko’s framework in humid environments and its physical limits for the 3-D space,
but also from the perspective of the complementary relationship, space-time symmetry and
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catchment co-evolution. At this point it is worth mentioning that the emerging power law
was tested for the entire set of 527 catchments in the U.S and China, with k = 0.63 and
e = 0.46 (R2 = 0.61). It was also tested just for the humid catchments (Φ < 1) from the
MOPEX dataset with k = 0.74 and e = 0.96 (R2 = 0.60). In addition, the mean aridity index
and evaporation ratio for these datasets are respectively: ΦUS−China = 1.28, ΦMopex = 0.74,
ΩUS−China = 0.63 and ΩMopex = 0.76, while for the catchments within the Amazon River
basin, ΦAmazon = 0.86 and ΩAmazon = 0.68. Recalling that for Amazonia k = 0.66, e = 0.83,
this results seemingly show that Ω ≃ k. They also appear to reveal that k decreases with
Φ while e increases. This suggests that our scaling approach could possibly be used as an
alternative to the traditional Budyko-type equations in other catchments with different cli-
matic conditions, although it might work better for humid environments. Nevertheless, it
should be remembered that for the United States and China E was calculated from the water
balance equation and therefore estimates of E and P are not mathematically independent,
whereas for the Amazon River basin E was estimated using an independent dataset based
on remote sensors and meteorological observations. For this reason, the universality of the
coefficients (k) and scaling exponents (e) of the power law should be explored in the future
using diverse datasets. In particular, calculations should be carried out using different and
more reliable estimates of Ep considering that there are still difficulties in appropriately es-
timating the potential of evaporation in very humid environments, especially when there are
tropical rainforests and mountains involved such as in the Amazon River basin.
4.4 Summary and Conclusions
We have introduced a physically consistent scaling (power law) approach towards a 3-D gen-
eralization of the Budyko framework in humid environments, which opens up a new research
avenue to understand the coupling between the long-term mean annual water and energy
balances catchments, and the hydrological effects brought about by climate change. This
new approach combines the water balance from Budyko’s perspective with the energy bal-
ance from the perspective of the complementary relationship of evapotranspiration. Results
for the FAO agro-climatic stations and catchments in the U.S, China and the Amazon indi-
cate that the well-known Budyko function that relates Ψ vs. Φ corresponds to a particular
bi-dimensional cross-section of a broader coupling existing between Φ, Ψ, and Ω and in turn
of the mutual interdependence between precipitation (P ), potential evapotranspiration (Ep)
and actual evapotranspiration (E). We demonstrate analytically that the Budyko framework
is unable to capture the physical limits of the relation Φ vs. Ω in humid environments, owing
to the unfeasibility of Ep/P = 0 at E/Ep → 1. This means that if Budyko-type equations
80 4 A scaling approach to Budyko’s Framework in humid environments
are used to study the relationship between Φ and Ω a physical inconsistency is found, since
Budyko-type equations suggest two things: (i) that Ep can be zero (non-existent atmospheric
demand) or (ii) that P tends to infinity. However, even for the most humid regions of the
world there is always non-negligible atmospheric demand and even though rainfall can be
high it is never infinite. We have shown this to be a limitation of the Budyko hypothesis
and proposed to overcome it by means of a physically consistent power law Ψ = kΦe, with
k = 0.66 and e = 0.83 (R2 = 0.93) for Amazonia. The proposed power law is compared
with other Budyko-type equations, namely those by Yang et al. (2008) and Cheng et al.
(2011). Taking into account the goodness of fit and the ability to comply with the physical
limits in our 3-D space, our results show that the power law provides a better fit to the data
associated with the long-term water balance of the Amazon River basin. Also, our scaling
approach is consistent with the asymmetrical nature of the complementary relationship of
evapotranspiration as revealed by Fig. 4-8.
By comparing two kinds of variability (long-term mean annual and interannual) signs of
space-time symmetry were detected in the Amazon River basin, in the sense that our power
law can be used to depict both between-catchment variability of long-term mean annual wa-
ter balance and the between-year variability in individual catchments (k = 0.66 and e = 0.83
vs. k = 0.67 and e = 0.87 respectively). In addition, the coefficient from the power law
(k) is closely related to the partitioning of energy via evapotranspiration (Ω) in each sub-
catchment (Ω = 0.994k, R2 = 0.95) which might suggest that our scaling approach for the
Budyko curve implicitly incorporates the complementary relationship of evapotranspiration.
Thus, the parameter k becomes a sign of energy limitations in a catchment. In general, the
higher the scaling exponent (e), the more will Ω and k resemble. Mathematically Ω = k if
e = 1. This is a consequence of the dependent nature of the studied variables within our 3-D
space but also of the physically mutual interdependence between E, Ep and P . In addition,
signs of catchment co-evolution were detected since the spatial patterns of the water balance
parameters were found to be associated with relevant landscape features. In general, k and
e, seem to decrease with both mean elevation above sea level and water table depth and to
increase with the average maximum green fraction, which was used as a proxy for vegeta-
tion. In both cases these could be related to the role of vegetation on evapotranspiration
and also on the fact that the estimation of Ep was carried out with a temperature-based
equation. None of the landscape features exhibited any statistically significant relationship
with the parameter n. Thus, landscape features and catchment characteristics are somehow
embedded in the values of the associated parameters of our power law.
Finally, our power law equation was used to model data from catchments in the U.S and
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China. Results show that our scaling approach could potentially be used as an alternative
equation to traditional Budyko-type equations, mostly in humid environments, given that
it is not only physically consistent, but it is also suitable from the perspective of space-time
symmetry and catchment co-evolution, taking into account the feedbacks between topogra-
phy, vegetation and water in soils.
The scaling approach proposed in the present study offers several advantages from both
theoretical and practical viewpoints. In particular, the space-time symmetry detected for the
Amazon River basin, could provide a framework for extrapolating between “climatic scales”
with climate represented by means of Φ both in the long-term and interannual variability.
Besides, given that our 3-D space and the proposed scaling approach are able to capture the
mutual interdependence of E, Ep and P , this framework could be potentially used for studies
of climatic change, in particular to understand changes in E given both changes in Ep and
P . This will be explored in the future. However further analyses will be required in other
catchments and other humid environments so that the scaling exponents and coefficients of
the power law relationship can be confirmed using different datasets. This is a subject that
is left for future research.
5 Assessing climate variability and
climate change on evapotranspiration
and runoff within Budyko’s framework
in Amazonia
Alejandra M. Carmona and Germán Poveda
Abstract: We use data from 115 sub-catchments in the Amazon River basin to study long-
term changes in hydrological variables within Budyko’s framework of the coupled water and
energy balances. Specifically, we predict fluctuations in the variance of evapotranspiration
given data of precipitation, potential evapotranspiration and soil moisture storage. For this
purpose, we test the performance of a recently proposed scaling approach to address the water
balance in humid environments and compare it with an analytical Budyko-type equation. In
addition, we adapt an existent formulation to estimate fractional changes in annual runoff to
include climatic conditions as well as catchment storage. This formulation is also extended
to predict long-term changes in runoff within the context of space-time symmetry and tested
against observed trends in runoff data for the period between 1982-2008. Controlling factors
for evapotranspiration and runoff are detected in the studied catchments, as well as regional
patterns of the changes in these variables across the Amazon River basin.
5.1 Introduction
The Amazon River basin, the largest river basin in the world, is at particular risk due to
climate change effects. According to the International Panel on Climate Change (IPCC),
general projected alterations in the climatic system could manifest in longer and more severe
droughts in Amazonia, affecting not only water supply but also leading to loses in biodiversity
and extinction of species of flora and fauna (Pachauri et al., 2014). Also, taking into account
the feedbacks in the land-atmosphere system and the complex eco-hydro-climatological dy-
namics, changes in Amazonia could be reflected at a global scale (Poveda et al., 2006).
Historical trends in hydrological variables have been addressed in Amazonia. Data show
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increasing trends in temperature records (Victoria et al., 1998; Marengo et al., 2009) while
precipitation shows mixed evidences of increasing and decreasing trends throughout the
Amazon River basin (Marengo, 2004; Carmona & Poveda, 2011). Similarly, mean and mini-
mum river discharges exhibit decreasing trends in the Tapajós River, the upstream Madeira
and the Peruvian Amazon rivers. In contrast, an increasing trend was detected in mean
and maximum river discharges in the northwestern Putumayo and Napo Rivers (Espinoza
et al., 2009). Regarding future scenarios of climate change, a regional increase of 2 − 3◦C
in air temperature by the year 2050 in the Amazon River basin during dry months has
been projected (Solomon et al., 2007; Mitchell et al., 1995). Also, almost all global climate
models (GCMs) report reductions in actual evapotranspiration. However, results for precip-
itation are not as clear, since different global climate models (GCMs) show diverse patterns
(Marengo et al., 2009), and even some of them might be underestimating future changes
in precipitation in Amazonia (Boisier et al., 2015). As per river discharges, Guimberteau
et al. (2013), showed that projections vary across the Amazon River basin. Low flows are
expected to decrease in almost all gauging stations, especially in the Southern Madeira,
Xingú, Branco and Óbidos Rivers. On the other hand, the western and upper regions of
the Amazon are projected to experience increases in precipitation resulting in an increase in
high flows. Other non-climatic drivers have also been considered to explore the impacts of
climate change in Amazonia, such as demographic, socioeconomic and technological changes
(Pachauri et al., 2014). These include changes in land use and deforestation, which has been
found to change rainfall patterns in Amazonia (Marengo et al., 2009).
Aiming at quantifying the impacts of climate change in the hydrological system is not an
easy task. Multiple factors should be taken into consideration, including the differentiation
between the relative effects of climate variability and direct anthropogenic changes on hy-
drological processes (Tomer & Schilling, 2009; Wang & Hejazi, 2011). Also, the feedbacks
between climate and catchment characteristics such as landscape features, vegetation and
soils, which can be evidenced in the hydrological response (Harman et al., 2011), as well
as the mutual interdependence between hydrological variables like runoff, precipitation and
evapotranspiration. For these reasons, the most recent IPCC reports encourage researchers
to come up with new ways of combining different approaches to estimate possible changes
in relevant climate variables (Pachauri et al., 2014).
The coupled water and energy balance framework postulated by Budyko (1958, 1974) has
been a popular mechanism to determine how climatic and catchment characteristics affect
the long-term water balance. Specifically, this paper studies the variability of the water bal-
ance following the studies of Koster & Suarez (1999); Arora (2002) and Zeng & Cai (2015).
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They extended Budyko’s framework to derive equations to predict changes in the variance
of evapotranspiration given changes in the variance of precipitation, potential evapotran-
spiration and soil moisture storage. Particularly, Arora (2002) proposes a way to estimate
fractional changes in annual runoff given fractional changes in annual precipitation and po-
tential evaporation. Nevertheless, the equation of Arora (2002) disregards changes in soil
moisture. Thus, one of the main goals of this study is to adapt his analytical expression
to predict possible changes in runoff given changes in the climatic forcing and catchment
storage. Our hypothesis is that other sources of available water, such as soil moisture, play
an important role in the process of runoff generation in Amazonia. In addition, we also
aim at testing the performance of a recently proposed scaling approach to address the water
balance in the humid environments (Carmona et al., 2016) to assess possible fluctuations in
hydroclimatic variables due to climate variability and climate change.
5.2 Methods and Data
5.2.1 A framework for examining the interannual variability
In order to contribute to the understanding of both natural climate variability and the sen-
sitivity of climate to anthropogenic forcings, Koster & Suarez (1999) developed a framework
to study the interannual variability of hydrological variables. Their framework consisted on
extending the Budyko Hypothesis (Budyko, 1958, 1974) to derive an equation to predict the
variability of evapotranspiration from atmospheric forcing alone (i.e, precipitation and net









= F (Φi), (5-1)
where E, denotes evapotranspiration; P , precipitation; Rn, net radiation; L, latent heat of
vaporization and Φ, Budyko’s aridity index. Later on, Arora (2002) demonstrated that the
aridity index can be estimated in terms of potential evapotranspiration assuming that Epi =
Rni/Li. He reached this conclusion by assuming negligible changes in soil moisture storage
and ground heat flux. Thus, following Koster & Suarez (1999) he derived the following
analytical expression for the squared evapotranspiration deviation ratio as a function of P
and Ep, given by,






















where Φ̄ = Ēp/P̄ , is the long-term mean aridity index, Cov(P,Ep) is the covariance between
P and EP , F denotes any mathematical expression that can be used to represent the coupled
water and energy balances within Budyko’s Framework (i.e, those proposed by Budyko
(1974); Fu (1981); Zhang et al. (2001); Yang et al. (2008); Cheng et al. (2011); Carmona et al.
(2016), among others) and F ′ is the derivative form of the chosen mathematical function.
As shown in Eq. 5-2, the evapotranspiration deviation ratio is the ratio of the standard
deviation of annual evapotranspiration to that of annual precipitation. According to Koster
& Suarez (1999), a high value of σE/σP (σE/σP → 1) implies that precipitation variability
is largely translated into similar variability in the resulting evapotranspiration, whereas a
low value (σE/σP → 0) implies that evapotranspiration might be less sensitive to variations
in precipitation. Using data from general circulation models (GCMs), Koster & Suarez
(1999) and Arora (2002) demonstrated that interannual variations in net radiation (and
potential evapotranspiration) are generally (but not universally) negligible compared to those
















F (Φ̄)− Φ̄F ′(Φ̄)
]
. (5-3)
As a result, Eq. 5-3 disregards both changes in EP as well as the covariance between Ep and
P .
More recently, Zeng & Cai (2015) analyzed equations 5-2 and 5-3 and concluded that they
do not account for other factors affecting the variance of E such as changes in soil moisture
storage (dS/dt). They also noted that these equations do not include the temporal coinci-
dence of P and Ep, which can affect the variability of E, mostly in humid environments.
Thus, they demonstrated that both equations (Eq. 5-2 and Eq.5-3) are simplified forms of
a more general expression given by:
σ2E =
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Ep, Cov(P,Ep), Cov(P, dS/dt) and Cov(Ep, dS/dt) denote the vari-
ance and covariance of E, P , dS/dt and Ep respectively. Consequently, Eq. 5-4 explicitly
states that the variance of E depends on the variance of climate (P and Ep) and the sea-
sonality of P and Ep (Cov(P,Ep)). Besides, by involving the variance and covariance terms
associated with dS/dt, the catchment response to climate forcing is also included (Zeng &
Cai, 2015).
5.2.2 An equation to predict changes in runoff within the Budyko
Framework
One of the main contributions of Arora (2002) was the derivation of an equation to estimate
fractional changes in annual runoff (∆Ri/Ri), given fractional changes in annual precipitation
















According to Arora (2002), βi can be understood as a sensitivity index which depends solely
on climatic conditions (Φi). He also suggests that Eq. 5-5 might be useful under climate
change scenarios since changes in Ep, could be due to changes in temperatures (global warm-
ing), changes in net radiation associated with changes in albedo because of anthropogenic
activities or all of the above. Nevertheless, Eq. 5-5 does not include possible changes in soil
moisture storage, which could be associated to changes in land cover and land change or to
temporal variations in climate (P and Ep). For this reason, our next goal is to adapt Eq.
5-5 to determine fractional changes in runoff considering that there can be other sources of
available water other than P .
Following Zeng & Cai (2015), the water balance in a catchment for a given day, month or
year i, can be written as,
dS
dt
i = Pi − Ri − Ei ∴ Ri = P
∗
i −Ei, (5-7)
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where P ∗i = Pi−dS/dti, that is, the total available water for Ei and Ri includes atmospheric




Within Budyko’s framework, and as demonstrated by Arora (2002) and Zeng & Cai (2015),
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Replacing Eq. 5-10 in Eq. 5-8, yields:
∆Ri = ∆P
∗
i [1− F (Φ
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Replacing Eq. 5-12 into Eq. 5-7,
Ri = P
∗
i (1− F (Φ
∗
i )). (5-13)
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[1 + β∗i ]−
∆Epi
Epi
[β∗i ] . (5-17)
Equation 5-17 is indeed similar to Eq. 5-5. However, Eq. 5-17 is suitable to use at different
time scales (daily, monthly, yearly), given that it considers changes in soil moisture, as well
as climatic conditions. In addition, if in Eq. 5-17 and Eq. 5-5, Φ∗i and Φi are replaced by
Φ̄∗ and Φ̄, respectively, then both equations could potentially be used to predict long-term
changes in runoff and thus extended for predictions under climate change scenarios. This
can be done based on the notion of space-time symmetry, by which a model can be used to
represent between year variability within individual catchments as well as between catchment
variability of long-term mean annual water balances (Sivapalan et al., 2011; Singh et al., 2011;
Carmona et al., 2014; Perdigão & Blöschl, 2014; Carmona et al., 2016). In particular, for
the Amazon River basin, Carmona et al. (2016) demonstrated the existence of space-time
symmetry within the Budyko framework with the same datasets that are being used in the
present study. For this reason, both approaches, the interannual and the long-term changes
in runoff, will be addressed.
5.2.3 Data sets
Our study area consists on 115 sub-catchments within the Amazon River basin with drainage
areas ranging between 465 and 4 670 000 km2. All datasets were acquired within the
AMAZALERT project (http : //www.eu − amazalert.org/home). Specifically, precipita-
tion and river discharges were obtained from the Observation Service SO-HYBAM, available
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at http : //www.ore− hybam.org/. We also used evapotranspiration from the Max Plank
Institute (MPI). They compiled this dataset using a global monitoring network with meteo-
rological and remote sensing observations (Jung et al., 2010). Potential evapotranspiration
was estimated using Hargreaves equation (Hargreaves et al., 1985), as recommended by
Trabucco & Zomer (2009) and Vallejo-Bernal et al. (in preparation). All variables were
available on a monthly scale (mm/month) covering 27 years (1982-2007) of information for
all the catchments. Finally, soil moisture storage was obtained from the Climate Prediction
Center (CPC), provided by the National Oceanic and Atmospheric Administration (NOAA)
and available at http : //www.esrl.noaa.gov/psd/ (Van den Dool et al., 2003). This dataset
contains monthly averaged soil moisture water height equivalents. It should be pointed out
that this data is model-calculated and not measured directly. However, it was used because
independent data of precipitation (P ), actual evapotranspiration (E), runoff (R) and soil
moisture storage change (dS/dt) were needed for the calculations.
5.3 Results and Discussion
5.3.1 Evaluating the variance of evapotranspiration
In order to estimate changes in the variance of evapotranspiration we used Eq. 5-2, Eq.
5-3 and Eq. 5-4. For this purpose we chose two mathematical functions to model the data
within the Amazon River basin. The first one is an analytical equation derived by Yang














where n is a parameter that captures catchment characteristics such a soils and vegetation,
among others. The second chosen equation is an empirical expression proposed by Carmona
et al. (2016), which was proven to work better than traditional Budyko-type equations to
model the coupled water and energy balances in the Amazon River basin,
F (Φ) = kΦe, (5-19)
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where k and e are the coefficient and the scaling exponent of the power law relationship,
respectively. These parameters also capture catchment characteristics and landscape fea-
tures. In particular this equation was deemed to implicitly incorporate the complementary
relationship of evapotranspiration through the parameter k (Carmona et al., 2016).
Our first step was to use the framework initially proposed by Koster & Suarez (1999) and
redefined by Arora (2002), to compare both the complete and simplified equations (Eq.5-2
and Eq. 5-3). However, in order to find out if our data is suitable for using the Arora’s
simplified form (Eq. 5-3) we plotted the standard deviation of annual potential evaporation
against the standard deviation of precipitation for the 115 catchments within the Amazon
River basin, as shown in Figure 5-1. This figure shows that for all catchments σEp is indeed
less than σP which means that P varies much more than Ep in Amazonia. This result is
not surprising given that Ep is a function of available energy and is mostly dependent upon
solar radiation, temperature and latitude. Thus it is expected to vary less from year to year
than either P or E. Then, theoretically, the simplified equation (Eq. 5-3) can be used. This
will be tested next.





















Figure 5-1: Standard deviation of annual potential evaporation estimates against the standard
deviation of precipitation. The dashed line denotes the 1:1 line.
Figure 5-2 shows the performance of both Eq. 5-2 and Eq. 5-3 to predict the evapora-
tion deviation ratio (σE/σP ) for our study area. Figures 5-2a and 5-2c were calculated
using Yang et al’s equation (Eq. 5-18) while figures 5-2b and 5-2d where calculated using
the power law equation for the Amazon River basin (Eq. 5-19). The parameters of both
Budyko-type functions (n, k and e) were obtained from the work of Carmona et al. (2016)
for each sub-catchment. In order to decide which combination of equations is better suited
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to model the data for the 115 sub-catchments in the Amazon River basin, two metrics will
be used: the root-mean-square error (RMSE) and the correlation coefficient (r). The RMSE
estimates the sample standard deviation of the differences between predicted values and ob-
served values, while r is a measure of the linear dependence between two variables. Results
for the correlation coefficient are considered statistically significant if the level of marginal
significance (p− value) is less than 0.05.






















Complete Equation (Eq. 5.2) − Yang et al., (2008)






















Complete Equation (Eq. 5.2) − Carmona et al., (2015)






















Simplified Equation (Eq. 5.3) − Yang et al., (2008)





































Figure 5-2: Performance of Eq. 5-2 and Eq. 5-3 to predict the evapotranspiration deviation ratio
for 115 sub-catchmetns within the Amazon River basin. The grey line denotes the
1:1 line.
Results show that for the Amazon River basin, the best estimates of the evapotranspiration
deviation ratio are obtained using Arora’s complete equation (Eq. 5-2) together with the
power law relationship proposed by Carmona et al. (2016). This is concluded taking into
account that the values of the RMSE in Fig. 5-2b are the lowest within the four panels
(RMSE=0.026) while the values of r are the highest (r = 0.582). In fact, considering the
p − values, only results presented in Fig. 5-2b are statistically significant. In addition, it
can also be seen in both figures 5-2a and 5-2c, that using Eq. 5-18 (Yang et al., 2008) leads
to overestimating the evapotranspiration ratio while using Eq. 5-3 in combination with the
power law relationship (Fig. 5-2d) leads to underestimating it. Figure 5-2 also reveals that
the values of the evapotranspiration ratio for all the catchments are small (σE/σP < 0.2).
This suggests that for our study area, changes in E are not so sensitive to the variability of
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P . Furthermore, even though Koster & Suarez (1999) and Arora (2002) recommend using
the simplified form of their equation (Eq. 5-3) in cases where Ep exhibits little variation
compared to P (Fig. 5-1), we show that this is not adequate for the Amazon River basin.
In general, as pointed out by Zeng & Cai (2015), Eq. 5-3 is only valid for arid environments.
Humid environments like Amazonia are energy-limited instead of water-limited, as demon-
strated by Carmona et al. (2016). This means that humid environments are more sensible to
changes in the atmospheric demand rather than on available water and thus, terms associ-
ated with Ep cannot be neglected. Figure 5-3 shows a similar outcome, although this time,
results for the standard deviation of E (σE) are presented. Therefore errors are quantified
in units of [mm/yr]. Once more Figure 5-3 shows how the equation by Yang et al. (2008),
both with Eq. 5-2 (Fig.5-3a) and Eq. 5-3 (Fig.5-3c) tend to overestimate changes in E.
On the other hand, the power law equation allows us to evidence that ignoring the effect of
Ep results in an underestimation of the variability of E. In addition, in all cases, neglecting
the changes in Ep leads to an increase in the errors (RMSE).




















Complete Equation (Eq. 5.2) − Yang et al., (2008)




















Complete Equation (Eq. 5.2) − Carmona et al., (2015)




















Simplified Equation (Eq. 5.3) − Yang et al., (2008)



































Figure 5-3: Performance of Eq. 5-2 and Eq. 5-3 to predict the variability of E (σE) for 115
sub-catchmetns within the Amazon River basin. The grey line denotes the 1:1 line.
Statistically speaking, to determine if a model is suitable to predict the behavior of observed
data, quantifying the errors and estimating the correlation coefficient (or the coefficient of
determination, R2) is not enough. High values of r (or R2) do not necessarily guarantee that
the model fits the data well, since these metrics compress information of the relationship
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between the model and the data into a single descriptive number or result. Accordingly,
graphical residual analysis is recommended. Residual analysis consists of plotting residu-
als against predicted values, as shown in Fig. 5-4. Residuals are defined as the difference
between the observed data and the predicted value at each time step. Theoretically, if the
residuals appear to behave randomly with the predicted value, it suggests that the model
fits the data well. On the other hand, a model fits the data poorly if a systematically pat-
tern is perceived in the residual plot. As observed in Fig. 5-4a and 5-4c, estimating the
variability of E by means of Yang et. al’s equation (Eq. 5-18) results in a residual plot with
an evident decreasing pattern. Also, all values are negative, indicating an overestimation of
the observed data, which was evidenced in Fig. 5-3a and 5-3c. This non-random structure
of the residual plot suggests once more that Eq. 5-18 is not the most appropriate to char-
acterize changes in evapotranspiration in the Amazon River basin. Also, Fig. 5-4d shows
that this combination of equations (Eq. 5-3 and Eq. 5-18) underestimate the data and also,
a decreasing pattern can be observed, even though it is not as clear as for Fig. 5-4a and
5-4c. These residual plots reinforce results presented in Fig. 5-3 and then, so far, the most
suitable model results from the combination of Arora’s complete equation (Eq. 5-2) and the
power law relationship proposed by Carmona et al. (2016) (Eq. 5-19).

















Complete Equation (Eq. 5.2) − Yang et al., (2008)
















Complete Equation (Eq. 5.2) − Carmona et al., (2015)

















Simplified Equation (Eq. 5.3) − Yang et al., (2008)
















Simplified Equation (Eq. 5.3) − Carmona et al., (2015)
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Figure 5-4: Residual plots for the performance of Eq. 5-2 and Eq. 5-3 to predict the variability
of E
With the hypothesis that soil moisture stored in soils might also play an important role in
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the evapotranspiration rates in the Amazon River basin, our next step is to test the equation
proposed by Zeng & Cai (2015) (Eq. 5-4). Figure 5-5 shows the performance of Eq. 5-4 when
used both with Eq. 5-18 and Eq. 5-19 as well as the residual plots for both models. It can
be seen from Fig. 5-5a and Fig. 5-5c that once more, using Yang et al’s equation is not ap-
propriate to estimate the standard deviation of E in Amazonia, not only because the model
overestimates the predicted values but also because the errors are not statistically signifi-
cant and the residual plot exhibits a decreasing pattern. Most interestingly, by comparing
Fig. 5-5b with Fig. 5-4b no improvement is gained from including the soil moisture storage
(RMSE=5.42 mm/yr vs. RMSE=5.52 mm/yr). That is, statistically, using Eq. 5-2 (Arora’s
complete equation) along with the power law relationship yields similar results than using
Eq. 5-4 with the same power law equation. Zeng & Cai (2015) specified that if the dominant
factors controlling the variability of E are known, then simpler expressions for Eq. 5-4 could
be obtained. For this reason they designed the schematic plot presented in Fig. 5-6. As
can be seen in this figure the controlling factors for most of our 115 sub-catchments within
the Amazon River basin are precipitation and potential evapotranspiration. For this reason
Arora’s complete equation works slightly better, since it is a simplified version of Eq. 5-4
that corresponds to environments dominated mostly by water supply and energy demand.
Figure 5-6 also shows that the variability of E for the most humid sub-catchments could be
represented by an even more simplified version of Eq. 5-4 where the dominant factor is solely
Ep. In addition, these results might suggest that in Amazonia, evapotranspiration is mainly
controlled by transpiration from trees and vegetation, and to a lesser extent by evaporation
from soils and other bodies of water. However this deserves further studies.
Previous works on the variance of E (Arora, 2002; Zeng & Cai, 2015) have focused on proving
their proposed equations at different time scales, principally monthly, annual and the long-
term. Nevertheless, with the aim of addressing the spatial variability as well, our next step
is to explore the regional patterns of the variability of E across Amazonia. Figure 5-7 shows
the spatial distribution of the evaporation deviation ratio. As shown previously in Fig. 5-2,
values for σE/σP in Amazonia are small (from 2% and up to 16%), and thus, E is mainly
controlled by available energy (Ep). However this is not homogeneous across the entire
river basin. In general, a clear difference can be seen between the northwestern and the
southeastern region. For example, in most catchments located within the Madeira, Xingú
and Tapajós river basins, changes in E are owed to changes in P from 7.4% to 16.0%, while
for most catchments within the Solimões and Negro river basins changes are explained by P
in less than 7.4%.
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Zeng & Cai (2015) − Yang et al., (2008)




















Zeng & Cai (2015) − Carmona et al., (2015)

















Zeng & Cai (2015) − Yang et al., (2008)




























Figure 5-5: Performance of Eq. 5-4 to predict the variability of E and Residual plots














































Figure 5-6: Schematic plot for controlling factors of the variability of E variance under different
climate conditions and catchment storage change as proposed by Zeng & Cai (2015).
5.3.2 Assessing changes in runoff
First, for each sub-catchment, Eq. 5-5 and Eq. 5-17 were used to obtain estimates of changes
in annual runoff with information of annual precipitation, potential evaporation and changes
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Figure 5-7: Regional distribution of the evapotranspiration deviation ratio (σE/σP ) across the
Amazon River basin
in soil moisture storage. Both equations were tested in combination with Yang et. al’s for-
mulation for the Budyko hypothesis (Eq. 5-18) and the power law relationship (Eq. 5-19).
These results were contrasted with observed estimates of ∆Ri/Ri, where ∆Ri was calculated
as the deviation of runoff from a year i from its climatological mean, that is ∆Ri = Ri− R̄.
∆Pi, ∆P
∗
i and ∆Epi were estimated the same way. Errors of predicted values were quantified
using the RMSE [%], as shown in Fig. 5-8. This figure allows to evidence which combina-
tion of equations produces the smallest errors, as well as to distinguish any regional patterns
across the Amazon River basin. In general, for all of the four combinations of equations and
for most sub-catchments, errors are within 5-15%. Figure 5-8 also shows that the great-
est errors are obtained when the power law equation is used to estimate changes in runoff
(panels b and d in Fig. 5-8). In addition, no noticeable improvements are obtained when
including soil moisture storage changes, that is when the equation presented in this study is
used (Eq. 5-17).
To help us further discuss our results and recalling that β can be understood as a sensi-
tivity indicator (Arora, 2002), this parameter is plotted against the aridity index for the
four combinations of equations, as shown in Fig. 5-9. For this reason, β is plotted against
Φ (Fig. 5-9a and b), while β∗ as a function of Φ∗ (Fig. 5-9c and d). In this figure, each
color represents one of the 115 sub-catchments, with all of its years of data. In all panels,
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Figure 5-8: Regional distribution of RMSE for each sub-catchment for annual changes in runoff
results show how values of β seem to increase with the aridity index. This figure also shows
why results from using Eq. 5-18 and Eq. 5-19 differ. For values of Φ < 1 both equations
yield similar results, but as Φ increases, for Eq.5-19, β rapidly increases, while for Eq.5-18
it reaches a threshold. This is because of the mathematical properties of the power law
equation and its derivative form, which lead to overestimating the magnitude of the changes
in runoff for the most arid catchments, and thus to higher errors (RMSE). Nevertheless, the
power law equation (Eq. 5-19) was indeed derived to estimate evapotranspiration in very
humid environments and thus it yields good results for them. Also, the equation by Yang
et al. (2008) (Eq. 5-18) has been demonstrated to present a physical inconsistency for humid
environments such as the Amazon River Basin (Carmona et al., 2016).
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Figure 5-9: Parameter β plotted against the aridity index (Φ) for the four combination of
equations
Finally, long-term changes in runoff are estimated for the Amazon River basin. This is due
mainly to attempt at using Eq. 5-5 and Eq. 5-17 within the context of climate change studies.
For these calculations, long-term changes in precipitation (∆P ), potential evapotranspira-
tion (∆Ep) and runoff (∆R) were obtained using the Empirical Mode Decomposition method
(EMD) together with statistical methods for trend estimation. Details on the procedure can
be found in Carmona & Poveda (2014). Briefly, the residual from the decomposition method,
which represents the long-term trend of the data series, was analyzed. Trend presence (or
absence) was tested with the Mann-Kendall test for autocorrelated data (Hamed & Rao,
1998) while the magnitude of the trend was estimated by means of the Sen test (Sen, 1968).
Figure 5-10 shows the comparison of observed historical changes in runoff for the period
between 1982 and 2008, with predicted values of (∆R) for the 115 sub-catchments. A consid-
erable scatter in the results can be observed. This points out that predictions using Eq. 5-5
and Eq. 5-17 work better for some catchments, while for others the results differ a lot from
actual estimates. This figure shows once more, that Yang et al’s equation yields better re-
sults than using the power law equation. In addition, for the case of long-term predictions,
some improvement is gained from using the long-term version of Eq. 5-17, that is 0.44 mm/yr
with Eq. 5-18 and 3.25 mm/yr for Eq. 5-19.
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Figure 5-10: Observed and predicted long-term changes in runoff ( DeltaR) for the four combi-
nation of equations
In order to find out which catchments present the most changes in runoff, as predicted by
the long-term versions of Eq. 5-5 and Eq. 5-17, results were plotted across the Amazon River
basin (Fig. 5-11). These results are compared with the observed changes in runoff, estimated
by the EMD procedure (Fig. 5-12). Figure 5-11, shows that although predicted changes
in runoff (∆R) vary in magnitude and sign (increasing or decreasing trends in R), when
comparing the four combinations of equations, the spatial distribution of the trends remains
the same. An apparent difference between northern and southern Amazonia is observed,
as for most catchments within the Solimões and the Negro River basins exhibit increasing
changes in runoff, while decreasing trends in R are predicted for most catchments in the
Madeira, Xingú and Tapajós river basins. This result is consistent with previous findings
for river discharges by Espinoza et al. (2009). In addition, decreasing trends prevail across
Amazonia. However, actual data (Fig. 5-12) reveals mixed evidences of decreasing (57/115
sub-catchments) and increasing (46/115 sub-catchments) trends in runoff, with no clear ge-
ographical pattern. For this reason and considering the mathematical estimation of ∆R,
we believe that the observed regional distribution in Fig. 5-11 is mostly due to previously
identified patterns of the coupled water and energy balances and the seasonality of P and
Ep, as studied and discussed by Marengo (2004), Marengo (2005), Espinoza et al. (2009)
and Carmona & Poveda (in preparation), while actual changes in runoff can be due to many
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other factors, including, vegetation, changes in land use, soils and other antropogenic ac-
tivities. In addition, it should also be taken into account that Eq. 5-17 might be able to
estimate changes in runoff, but it does not determine whether these changes are statistically
significant, since as observed in Fig. 5-12 there are 12 catchments with no observed trends
at all.
Figure 5-11: Spatial distribution of long-term changes in runoff (∆R) for the four combination
of equations
So far, as evidenced in Fig. 5-8, Fig. 5-9, Fig. 5-10 and Fig. 5-11, almost an unnoticeable
improvement is observed when using Eq. 5-17 instead of Eq. 5-5. There are several reasons
why this might be happening. Physically, it would imply that changes in soil moisture stor-
age do not affect runoff. However, considering the previously obtained results for changes
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Figure 5-12: Spatial distribution of observed long-term changes in runoff (∆R)
in E, and the hydrological dynamics of the Amazon river basin (Carmona et al., in prepa-
ration), we believe this is not the case. On the contrary, we suspect this might be related
more to mathematical reasons and to the characteristics of the datasets we used. To test
this hypothesis values of Φ∗ and Φ were plotted against each other for the interannual time
scale (with annual estimates of Φ and Φ∗ for each sub-catchment) and for the long-term
means, as shown in Fig. 5-13. In this figure, each color denotes a different sub-catchment.
As presumed, at both time scales, values of Φ∗ and Φ are very similar. This is because val-
ues of dS/dt obtained from the CPC at NOAA are very small compared to values of P and
thus P ≃ P ∗. This is an indication that these model-based data might be underestimating
soil moisture storage in Amazonia. In fact, this dataset was contrasted against estimates of
dS/dt = P −R−E and differences ranging of up to 825 mm/yr were obtained. In particular
it was found that the parameters of this model were calibrated using data from Oklahoma
(United States) and then validated against estimates of soil properties measured in Illinois
(United States) (Van den Dool et al., 2003). For this reason, calculations should be repeated
with more reliable estimates of dS/dt and different datasets. This is left for future research.
5.4 Summary and Conclusions
We have used data from 115 sub-catchments to study the variability of the water balance in
the Amazon River basin. First, changes in evapotranspiration (E) have been addressed fol-
102 5 Assessing changes in evapotranspiration and runoff in Amazonia






































Figure 5-13: Comparison of interannual and long-term mean values of Φ∗ and Φ
lowing the works of Koster & Suarez (1999), Arora (2002) and Zeng & Cai (2015), which ex-
tended Budyko’s Framework to derive equations for the evaporation deviation ratio (σE/σP )
as a function of precipitation (P ), potential evapotranspiration (Ep) and soil moisture stor-
age (S). These equations have been used together with two formulations for the coupled
water and energy balances: an analytical Budyko-type equation proposed by Yang et al.
(2008) and an empirical equation presented by Carmona et al. (2016). The latter consists on
a scaling approach for the Budyko Framework in humid environments and has been proved
to implicitly incorporate catchment characteristics and landscape features, as well as the
mutual interdependence of E, P and Ep.
Results have shown that for the Amazon River basin, the best estimates of the evapotran-
spiration deviation ratio are obtained using Arora’s complete equation (Eq. 5-2) together
with the power law relationship proposed by Carmona et al. (2016). It was also found that
σE/σP < 20% in all of the studied catchments. This supports the hypothesis that humid en-
vironments are more sensible to changes in the atmospheric demand rather than on available
water and thus, terms associated with Ep should not be neglected. In addition, the inclusion
of soil moisture storage terms did not improve the results for the estimation of the variance
of evapotranspiration. This is mainly because the controlling factors for most of our 115
sub-catchments within the Amazon River basin are Ep and to a lesser extent P , as shown
in Fig. 5-6. However, results are not homogeneous across the entire river basin. Regional
patterns of the variability of E across Amazonia have revealed a clear contrast between the
northwestern and the southeastern region. For example, in most catchments located within
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the Madeira, Xingú and Tapajós river basins, changes in E are owed to changes in P from
7.4% to 16.0%, while for most catchments within the most humid regions, that is, the north-
ern Solimões and the Negro river basins, changes in E are explained by P in less than 7.4%.
Changes in annual runoff have been studied using the equation proposed by Arora (2002).
This formulation predicts fractional fluctuation in runoff (∆R/R) as a function of the arid-
ity index (Φ = Ep/P ) and a sensitivity parameter β. We have extended this formulation
to include soil moisture storage changes following Zeng & Cai (2015). This time, the best
estimates of fractional changes in runoff (∆R/R) are found when the analytical equation for
the Budyko framework proposed by Yang et al. (2008) is used, since the mathematical shape
of the power law equation and its derivative form leads to overestimating the magnitude of
∆R/R when Φ > 1, that is, for the less humid sub-catchments. However getting the right
answers for the right reasons should be crucial, and thus it should be remembered that the
equation by Yang et al. (2008) was demonstrated to entail a physical inconsistency for humid
environments, such as the Amazon River basin.
Within the context of space-time symmetry, the equation to predict interannual changes
in runoff (∆R) has been adapted to estimate long-term mean changes in R by replacing
interannual values of Φ with its long-term counterparts. Predicted values of ∆R have been
compared with observed trends in runoff data from the period between 1982-2008. These
observed trends have been identified by analyzing the residual from the Empirical Mode de-
composition together with statistical methods for trend detection as explained in Carmona
& Poveda (2014).
Regarding the predicted ∆R, decreasing changes in runoff are found to prevail across Ama-
zonia, mostly in the southern major river basins (Madeira, Xingú and Tapajós) while catch-
ments within the Solimões and the Negro River basins (northwestern region) exhibit increas-
ing changes in runoff. This is consistent with previous findings for river flows by Espinoza
et al. (2009). However, given the mathematical estimation of ∆R, this spatial distribution
of the trends might be linked to previously identified patterns of the coupled water and
energy balances and the seasonality of P and Ep, discussed by Marengo (2004), Marengo
(2005), (Espinoza et al., 2009) and Carmona & Poveda (in preparation). On the other hand,
actual historical trends detected using the EMD, reveal mixed evidences of decreasing and
increasing trends in runoff, with no clear geographical pattern. This points out that actual
changes in runoff can be due to many other factors other than P and Ep, including, changes
in vegetation and anthropogenic activities that lead to changes in land cover.
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Intuitively one of our hypotheses was that including the soil moisture would significantly
enhance the predictions for the variability of R. However, our results reveal unnoticeable
improvements in the estimation of ∆R. Physically, this would imply that changes in soil
moisture storage do not affect runoff. However, considering the previously obtained results
for changes in E, and the hydrological dynamics of the Amazon river basin (Carmona et
al., in preparation), we believe this is not the case. On the contrary, we show that this
result could be ought to the characteristics of the datasets we used, considering that the soil
moisture data from the CPC by NOAA (Van den Dool et al., 2003) is model-based and not
measured directly, and thus appears to underestimate actual values. For this reason, calcu-
lations should be repeated with more reliable estimates of dS/dt and different datasets with
longer years of records. This is specially needed in order to attempt at differentiating the
relative effects of natural fluctuations in climate and direct human impacts on the hydrologic
system. Also, more efforts should be carried out to study the feedbacks between climate and
catchment characteristics such as vegetation and soils. This is left for future research.
Finally, the long-term versions of Eq.5-5 and Eq.5-17 could be tested to estimate trends in
runoff under different climate change scenarios, as carried out by Arora (2002). Nevertheless,
information of future changes in potential evapotranspiration and soil moisture storage are
not available yet for the Amazon river basin.
6 Conclusions and future work
This work has explored the hydrological dynamics of the Amazon River basin within the
framework of the Budyko hypothesis, that is, by studying the coupled water and energy bal-
ances. Particularly, throughout the chapters, an effort has been made towards diagnosing,
understanding and modeling the hydrological variables at the sub-catchment scale, as well
as predicting their fluctuations in time, mostly at the interannual and the long-term time
scale. For this reason, this dissertation has contributed to update and strengthen evidences
of natural climate variability as well as possible signs of climate change.
In order to understand the process controls on the water balances, catchments have been
studied within the context of the Darwinian framework of comparative hydrology (Blöschl
et al., 2013; Harman & Troch, 2013). For this reason, we have analyzed regional patterns
across the Amazon River basin, which have led to the derivation of classification systems
that consider the similarities between the catchments, revealing information about their
co-evolution in terms of the underlying climatic, geological, ecological and landscape char-
acteristics.
Specifically, in chapter 2, by exploring the regional patterns of the interannual variability
of annual water balance in catchments in the United States, we have been able to support
and reinforce the definition of space-time symmetry. That is, we have developed a general
quantitative and dimensionless formulation that can be used to reproduce the variability of
annual water balances, both between catchments and between years. Later on, this concept
has been tested and confirmed within the Amazon River basin in chapter 4, and then used
in chapter 5 to adapt an equation for interannual variability to predict long-term changes
in runoff. These predicted changes have been compared with long-term trends in observed
runoff, estimated by means of the Empirical Mode Decomposition method (EMD) together
with statistical methods for trend detection, following the work by Carmona & Poveda
(2014). This has been done in order to attempt at using this framework in the context of
climate change studies.
In Chapter 3 we have explored and diagnosed the dynamics of the water balance across the
Amazon River basin, at the sub-catchment scale, using data of precipitation (P ), runoff (R),
actual evapotranspiration (E) and potential evapotranspiration (Ep). This is carried out
mainly from three perspectives: hydrological regime curves, the closure of the water balance
equation and the dynamics of soil moisture storage change (dS(t)/dt = P (t)−E(t)−R(t)).
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Specifically, we have used the basic principles of the crossing theory to characterize the joint
seasonality of P and Ep and its influence on the annual timing of E and R. For this purpose,
we have designed a catchment classification system that reflects the dominance of either wa-
ter or energy availability, which in turn could be associated with ecologic and physiographic
characteristics of each region. These results have revealed the clear hydrologic heterogeneity
within Amazonia, evidenced in a total of six groups of catchments with a very distinctive
regional distribution. In addition, results for the closure of the water balance have shown
that even though for the furthermost gauging station in the Amazon River basin (Óbidos)
the water balance can be considered in a steady state condition, the same cannot be said
for smaller spatial scales, i.e., the sub-catchment scale used in this study. This points out
that there might be other sources of water availability that need to be considered in water
balance studies in Amazonia.
One of the main contributions of chapter 3 was the statistical analysis of the time series of
soil moisture changes (dS(t)/dt) and the temporal dynamics of the time interval between
zero crossings (t0). In this context, a zero crossing denotes either an increase or a release
of water storage in a sub-catchment. Results have shown that most series of t0 can be fit-
ted to probability distribution functions (pdfs) that belong to the family of the Extreme
Value distribution. This suggests that these series have heavy tails associated with maxi-
mum and minimum values and that this behavior might be inherited from precipitation and
streamflows. Physically, a maximum value of t0 indicates that more time passes between
a consecutive storage and release of water, whereas a minimum value means more frequent
zero crossings of dS/dt. Also, the first four statistical moments and the scale of fluctuation
(θ) of the random variable t0 are used to explore some notions of hydrological persistence or
memory of hydrological processes. Concretely, the relationship between these quantities with
drainage area (A) has been studied by clustering sub-catchments within the 6 major river
basins: Solimões, Negro, Madeira, Purus, Tapajós and Xingú. In general, results show that
while the scale of fluctuation and mean time interval between zero crossings seem to increase
with A, the variance seems to decrease. This partially confirms our hypothesis that within
a river basin, as the drainage area increases, the ability to regulate hydrological processes is
higher. Nonetheless, only statistically significant results have been obtained for Tapajós and
Xingú. These two catchments not only have the smallest drainage areas within the group of
the 6 major river basins, but are also located in southeastern Amazonia, a region which has
been known to be more subjected to anthropogenic changes (Alves et al., 2009).
With the knowledge gained from the analyses presented in chapters 2 and 3, in chapter 4 we
have advanced towards improving the modeling of the coupled water and energy balances
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in the Amazon River basin. We have demonstrated analytically, that existent equations for
the Budyko Framework present a physical inconsistency for humid environments. Thus we
have introduced a new power law equation (Ψ = kΦe) towards a 3-D generalization of the
Budyko hypothesis. This new scaling approach combines the water balance from Budyko’s
perspective with the energy balance from the perspective of the complementary relationship
of evapotranspiration (Bouchet, 1963; Morton, 1983). In addition, the spatial patterns of
the parameters k and e have been found to be associated with relevant landscape features
in Amazonia, such as mean elevation above sea level, water table depth and the average
maximum green fraction, which was used as a proxy for vegetation.
Given that this proposed scaling approach is able to capture the mutual interdependence of
E, Ep and P , we have used it in chapter 5 to predict changes in E and R. Results have
been compared with an analytical equation proposed by Yang et al. (2008) for the Budyko
framework. We have found that the best estimates of the evapotranspiration deviation ratio
(σE/σP ) in Amazonia are obtained using our power law equation. As per changes in runoff,
results show that the power law relationship yields good results when values of Φ < 1, how-
ever for the least humid catchments it exhibits higher errors than traditional Budyko-type
equations. This is mostly because of the mathematical properties of the power law relation-
ship and its derivative form, as Arora (2002) found for Schreiber’s equation (Schreiber, 1904).
From chapter 3 we learned the need to consider other sources of available water besides pre-
cipitation in water balance studies. For this reason, in chapter 5, we tested the hypothesis
of the improvement of models to predict changes in E and R when changes in soil mois-
ture are included. Our results have confirmed that humid environments are more sensible
to changes in the atmospheric demand (Ep) rather than on available water (P and dS/dt).
For this reason, the inclusion of soil moisture storage terms did not improve the results for
the estimation of the variance of evapotranspiration. However results were inconclusive for
runoff, mostly because of uncertainties in the data used for soil moisture storage changes.
A common finding throughout chapters 3, 4 and 5 is related to the spatial variability of the
hydrological dynamics in Amazonia. In particular, a clear difference between northwestern
and southeastern Amazonia has been evidenced. From our analyses we can conclude that
northwestern Amazonia, that is, catchments located within the Solimões and western Negro
river basins have the following common characteristics: more heterogeneity of the seasonality
between P and Ep than southern Amazonia, more frequent soil moisture storage changes
(2-3 months), asymmetrical pdfs with long tails to the right (higher probability of minimum
values of t0), smaller values of σE/σP (less than 7.4%), and increasing changes in runoff as
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predicted by our model. In addition, regarding the closure of the water balance, the most
unbalanced catchments (with deficits or surpluses of up to 800 mm/yr), have been found in
northwestern Amazonia, mostly in the Solimões river basin, close to the Andes Mountain
range. On the other hand, in catchments within the Madeira, Tapajós and Xingú river basins
(southeastern Amazonia), the temporal coincidence between P and Ep is more homogeneous.
They also have less frequent changes in soil moisture storage (up to 6 months), asymmetrical
pdfs with long tails to the left (higher probabilities of maximum values of t0), higher values
of the evaporation deviation ratio (7.4% < σE/σP < 16.0%), and predicted decreasing trends
in runoff. This regional difference between northern and southern Amazonia is consistent
with previous studies by Marengo (2004, 2005); Espinoza et al. (2009), Espinoza et al. (2009)
and Yoon & Zeng (2010) and thus, could be explained by macroclimatic phenomena such
as the migration of the Inter-tropical Convergence Zone (ITZC), and the South Atlantic
Convergence Zone (SACZ), land surface-atmosphere interactions (Poveda & Mesa, 1997) as
well as interactions between the Amazon and the Andes, and the Pacific Atlantic Oceans
(Nobre et al., 2009; Poveda et al., 2006, 2014; Boers et al., 2015). Also, in chapter 4, the
spatial distribution of long-term mean annual P , E and Ep was analyzed for our datasets. It
was found that although the highest precipitation occurs in the Colombian Amazon (north-
western region-Negro River basin) and the minimum takes place near Peru (western region),
Bolivia (southwestern region) and some parts of Brazil (southeastern region), a much more
evident regional pattern, was found for Ep with the highest values over the eastern region of
the Amazon River basin, decreasing systematically westwards. This pattern in Ep coincides
with the regional distribution of variability of the hydrological dynamics in Amazonia as
described above, and thus this could also be an evidence that hydrology in Amazonia is
driven more by energy limitations.
For the past years, several projects (AMAZALERT, ORE-HYBAM, LBA) have devoted to
the study of Amazonia from different perspectives, such as the hydrological, ecological, terri-
torial, forestal, and societal, among others. These have promoted the recollection of valuable
information regarding actual and possible future scenarios of the Amazon River basin which
are being used worldwide in order to understand and diagnose this area of study. Never-
theless, in the present dissertation we have detected the need for longer and more reliable
datasets, mostly regarding potential evapotranspiration and changes in soil moisture storage.
For example, we have found that there are still difficulties in appropriately estimating Ep
in very humid environments, especially when there are tropical rainforests and mountains
involved such as in the Amazon River basin. In addition, longer datasets are particularly
needed in order to attempt at differentiating the relative effects of natural fluctuations in
climate and direct human impacts on the hydrologic system and the feedbacks between cli-
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mate and catchment characteristics such as vegetation and soils.
More efforts should be carried out towards understanding the hydrological dynamics of soil
moisture storage and the way these are reflected in the hydrology of a region. For this
reason, temporal persistence of hydrological processes should continue to be a topic of on-
going research. In the present study we have used the scale of fluctuation as an indicator
of temporal persistence although it is a measure of linear dependency. Thus, considering
that hydro-climatological processes are highly nonlinear and non-stationary, particularly in
the context of climate change, other procedures should be explored in the future, such as
the periodic persistence parameter, which includes periodicity of the processes. (Troutman,
1978).
Although we have attempted at looking for a physical explanation of all the parameters found
in the present dissertation (chapters 2 and 4), most of these are dependent on the data used
(datasets and time span) and thus analyses presented here must be repeated on a much larger
population of catchments so that the links between these parameters and local climatic and
bio-geophysical factors can be further refined and established universally. Furthermore, im-
proved understanding of the physical meaning of our models (and their parameters) may
be possible if streamflow can be separated into fast (surface) and slow (subsurface) runoff
components, as in the case of the two-stage formulation proposed by L’vovich (1979), Ponce
& Shetty (1995a) and Ponce & Shetty (1995b).
Finally, trends detected in chapter 5 cannot be deemed to be solely due to climate change
since we only studied 27 years of records. However, if information of future changes in
potential evapotranspiration and soil moisture storage were available, then the long-term
versions for the fractional changes in runoff (Eq. 5-5 and Eq. 5-17) could be tested to estimate
future changes in R in Amazonia under different climate change scenarios, as attempted by
Arora (2002).
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Perdigão, R. A. & Blöschl, G. (2014). Spatiotemporal flood sensitivity to annual precipita-
tion: Evidence for landscape-climate coevolution. Water Resour. Res., 50 (7), 5492–5509.
Pike, J. (1964). The estimation of annual run-off from meteorological data in a tropical
climate. J. Hydrol., 12, 2116–2123.
Ponce, V. & Shetty, A. (1995a). A conceptual model of catchment water balance: 1. formu-
lation and calibration. J. Hydrol., 173 (1), 27–40.
Ponce, V. & Shetty, A. (1995b). A conceptual model of catchment water balance: 2. appli-
cation to runoff and baseflow modeling. J. Hydrol., 173 (1), 41–50.
Porporato, A., Daly, E., & Rodriguez-Iturbe, I. (2004). Soil water balance and ecosystem
response to climate change. Am. Nat., 164 (5), 625–632.
Potter, N., Zhang, L., Milly, P., McMahon, T., & Jakeman, A. (2005). Effects of rain-
fall seasonality and soil moisture capacity on mean annual water balance for australian
catchments. Water Resour. Res., 41 (6).
Potter, N. J. & Zhang, L. (2009). Interannual variability of catchment water balance in
australia. J. Hydrol., 369 (12), 120–129.
Poveda, G. (2011). Mixed memory,(non) hurst effect, and maximum entropy of rainfall in
the tropical andes. Adv. Water Resour., 34 (2), 243–256.
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Rodŕıguez-Iturbe, I. & Rinaldo, A. (1997). Fractal river basins: chance and self-organization.
Cambridge Univ. Press, New York.
Bibliography 119
Russell, G. & Miller, J. (1990). Global river runoff calculated from a global atmospheric
general circulation model. J. Hydrol., 117 (1), 241–254.
Salazar, J. (2004). Balances hidrológicos y estimación de caudales extremos en la amazonia.
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